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Cavity polaritons are quasiparticles formed when a photon confined within a cavity
interacts with an elementary excitation in a semiconductor that is called exciton.
Under the right conditions, cavity polaritons form a macroscopic condensate in the
ground state. This condensate decays through the cavity mirrors, thus providing
coherent light-emission: a phenomenon termed polariton lasing. The threshold for
polariton lasing can be significantly lower than that required for conventional las-
ing. Large exciton binding energies are an essential requirement to obtain polariton
lasing at room temperature. Group III nitrides and ZnO are the only inorganic
semiconductors possessing Wannier-Mott exciton binding energies above 25 meV,
the room-temperature thermal energy. In contrast, Frenkel excitons in organic
semiconductors possess binding energies of ∼1 eV and are thus highly stable at
room temperature.
This thesis consists of two parts. The first part concerns the fabrication and op-
tical characterisation of samples consisting of an ultra-smooth GaN membrane
encapsulated in an all-dielectric (SiO2/Ta2O5) distributed Bragg reflector (DBR)
microcavity. By utilising the selective photo-electro-chemical (PEC) etching of
an InGaN sacrificial layer, GaN membranes ∼200 nm thick are produced and
introduced between DBRs. The second part is devoted to the demonstration
of a room-temperature organic polariton condensate. The studied samples con-
sist of a thermally evaporated 2,7-bis[9,9-di(4-methylphenyl)-fluoren-2-yl]-9,9-di(4-
methylphenyl)fluorene (TDAF) thin film enclosed within an all-dielectric micro-
cavity, consisting of SiO2 and Ta2O5 pairs.
vIn both GaN and organic systems, the strong coupling for various detunings is
demonstrated by performing angle-resolved reflectivity and photoluminescence
(PL) measurements. On reaching threshold, the nonlinear increase in the PL
is blueshifted with respect to low power emission, and is accompanied by a si-
multaneous reduction in the linewidth, marking the onset of polariton lasing
at room-temperature. In the organic microcavities particularly, the condensate
formed above threshold is linearly polarised and exhibits off-diagonal long-range
order with a spatial coherence that is dependent on the pump shape. Moreover,
the ambipolar electrical characteristics of this organic semiconductor and the high
electron mobility of GaN suggest both materials as promising candidates for direct
electrical injection.
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Chapter 1
Introduction
In 1962, Hall et al. [1] at the General Electric Research Laboratory in New York
demonstrated the first semiconductor laser. Since then, semiconductor laser de-
vices have achieved widespread use in: CDs/DVDs, barcode scanners, laser point-
ers, laser projectors, telecommunications, medicine, entertainment and industry.
A standard laser device emits spatially coherent light through a process of optical
amplification of stimulated emitted photons; the word laser is also the acronym of
the above process (light amplification by stimulated emission of radiation). The
need for energy efficient and low activation threshold laser devices has opened the
way for investigation of alternative laser sources.
In 1992, the first demonstration of strong light-matter coupling in a semiconductor
planar microcavity [2], accompanied by the first report of a laser without popu-
lation inversion [3], made the fabrication of an ultra-low threshold polariton laser
realistic. A polariton laser emits light spontaneously, compared with a standard
semiconductor laser, possessing though both the characteristic properties of laser
light, which is coherent in the first and second order and monochromatic. A
few months later, Christopoulos et al. [4] reported the realisation of an optically
pumped polariton laser at room temperature, using a bulk GaN-based microcavity.
In the meantime, alternative means of achieving room-temperature lasing was ini-
tiated. Organic semiconductors possess excitons that are highly stable at room
temperature due to their large binding energies. In addition, organic exciton os-
cillator strength is orders of magnitude higher than inorganic counterparts, which
1
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results in a larger Rabi splitting. In 1998, Lidzey et al. [5] reported organic polari-
ton photoluminescence and two years later, Ke´na-Cohen and Forrest [6] realised
the first optically pumped room-temperature polariton laser using an anthracene
single crystal. This year, the community of polariton researchers has seen an
important breakthrough. Bhattacharya et al. [7] demonstrated a state of the art
electrically pumped room-temperature polariton laser device, consisting of a bulk
GaN membrane.
In parallel, the bosonic nature of polaritons, in the low density regime, focussed
polariton research towards the investigation of exotic quantum phenomena such as
Bose Einstein condensation (BEC), superfluidity and vortices. The key advantage
of polaritons for observation of BEC lies in their low effective mass which is seven
orders of magnitude smaller than the hydrogen atom. In principle, this will allow
polaritons to undergo BEC even at room temperature. In 2006, the pioneering
work of Kasprzak et al. [8] reported the first comprehensive and unambiguous
evidence of non-equilibrium BEC in a CdTe-based microcavity. This observation
was a major milestone for the polariton community, however, the results were
obtained only at cryogenic temperatures, triggering large experimental efforts to
achieve the same result at room temperatures.
There are two main aspects that need to be considered in order to realise room-
temperature polariton lasing or even polariton BEC. The first is that the active
material in the cavity should have a robust exciton with binding energy larger
than 25 meV, and the second is that the cavity should have high reflectivity mir-
rors and a broad photonic stopband. The former requirement is fulfilled using in-
organic semiconductor materials such as GaN, ZnO, and organic semiconductors,
which have large exciton binding energies and oscillator strengths. The cavity
requirements can be satisfied with the use of distributed Bragg reflectors (DBRs).
1.1 All-dielectric GaN microcavities
Gallium Nitride (GaN) semiconductor structures offer high exciton binding ener-
gies but high finesse optical cavities and uniform pumping in the active region
of GaN microcavities have yet to be fully addressed [9]. The former drastically
reduces the lasing threshold of polariton lasers [10] whilst the latter, as recent
optical pulsed and quasi-CW pumping experiments show [4, 11], is necessary to
Introduction 3
obtain the relatively high carrier densities required for lasing, particularly in an
electrically pumped device. Although monolithic fabrication of GaN microcavities
offers many advantages it does not provide the necessary flexibility in fabrication
and leads to restrictively narrow reflectivity stopbands that become comparable
with the large Rabi splitting.
In the work presented in this thesis, an alternative all-dielectric GaN-based micro-
cavity fabrication method has been developed, where the GaN film is sandwiched
between dielectric mirrors based on SiO2 and Ta2O5 materials. These mirrors offer
high reflectivity and are free from dislocations or cracks. The process flow of this
fabrication method is described in Chapter 3 of this thesis but a brief description
will be presented in the paragraph below.
A GaN sample is fabricated by plasma-assisted molecular beam epitaxy (PA-
MBE), consisting of a thin sacrificial layer of InGaN followed by a 210 nm GaN
film deposited on a commercial thick GaN buffer layer on sapphire templates.
A standard lithographic process is applied to evaporate the first dielectric DBR
mirrors (10 repeats of SiO2/Ta2O5). The sacrificial layer is removed using a photo-
electro-chemical (PEC) etching technique and the sample is then flipped for the
evaporation of the second dielectric DBR mirror. Using this structure we reported
two orders of magnitude reduction in the polariton lasing threshold in a bulk GaN
microcavity at room temperature revealing the early turn on of the stimulated
polariton scattering regime.
1.2 All-dielectric organic microcavities
As already mentioned, organic semiconductors can have as much as ten times
higher exciton binding-energies compared to inorganic semiconductors, making
them the most appropriate candidates for the study of polariton condensates at
room temperature. Despite the degradation observed in some organic semicon-
ductors, the ease of their fabrication along with the low acquisition-cost suggests
organic semiconductors are ideal materials for the industrial production of low
fabrication-cost polariton devices.
Although organic semiconductors offer highly stable excitons at room temperature,
there have been no demonstrations of optical nonlinearities in organic materials
with the exception of polariton lasing in an anthracene single crystal. The main
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reason for this is that Frenkel excitons interact much more weakly than their
delocalized Wannier-Mott counterparts.
In chapter 4 of this thesis, we demonstrate a Frenkel exciton-polariton conden-
sate, at room temperature, in a simple microcavity containing a single layer of a
novel organic semiconductor called TDAF. Indeed, it is only the second organic
material (after anthracene) ever to exhibit polariton condensation. In contrast
to anthracene, however, the condensate shows a strong blueshift as a function
of pump power which is a clear manifestation of exciton-polariton and polariton-
polariton interactions. Moreover, the ambipolar electrical characteristics of TDAF
make it an attractive candidate for direct electrical injection [12]. In particular,
we observe lasing for two widely different detunings, separated by ∼ 65 meV.
Above the polariton condensate threshold, we observe the spontaneous appearance
of off-diagonal long-range order, which is one of the defining features of condensate
formation. In Chapter 5 we use a Michelson interferometer in retroreflector config-
uration to rigorously investigate for first time the spatial and temporal coherence
properties of the above non-equilibrium organic polariton condensate. The spatial
coherence of the condensate possesses dimensions of tens of microns and the spatial
coherence follows a Gaussian decay lineshape with τc ≈ 0.8 ps. A refractive beam
shaper was also employed in order to control the beam profile. The interferograms
show well separated fringes for Gaussian pumps and highly disorder fringes for
pumps with flat or nearly flat intensity profile pumps.
1.3 Outline
Chapter 2 contains an essential overview of the theory of the confinement of ex-
citons and photons in semiconductor microcavities. The properties of the new
quasiparticles that arise, as well as their main relaxation mechanisms are reviewed.
In Chapter 3 is presented the fabrication of a GaN-based microcavity by utilising
a phot-electro-chemical etching technique. In addition, room-temperature strong
coupling and lasing is reported.
In Chapter 4 is presented the fabrication of an organic-based microcavity by util-
ising a phot-electro-chemical etching technique. In addition, room-temperature
strong coupling and lasing is reported.
Introduction 5
In Chapter 5, the coherence properties of the organic polariton laser are investi-
gated.
Chapter 2
Fundamentals of microcavity
polaritons
2.1 Introduction
The last decade has seen the study of the quantum fluidic behaviour of light flour-
ish [13]. One branch of this field has focused on exploiting the properties of cavity
polaritons: hybrid light-matter quasiparticles formed in semiconductor microcavi-
ties [14]. The substantial interest in strongly coupled semiconductor microcavities
stems principally from the possibility to impart weakly interacting cavity photons
with a strongly interacting matter component inherited from the exciton. On one
hand, this matter component enhances energetic relaxation towards the polariton
ground state by allowing interactions with phonons and other polaritons [15, 16].
On the other hand, the nonlinearity inherited from the exciton gives rise to the
hydrodynamic behaviour of polaritons [17–23].
In this chapter, the theoretical background of cavity polaritons will be reviewed.
Firstly, we introduce excitons as fundamental excitations of organic and inorganic
semiconductors. Then, we examine semiconductor microcavities in the strong
exciton-photon coupling regime. Finally, we conclude by reviewing the theoretical
background and prior work on the linear properties and nonlinear optical effects
such as polariton lasing and Bose-Einstein condensation, which have been exam-
ined in semiconductor microcavities.
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2.2 Wannier-Mott and Frenkel excitons
One of the most interesting forms of light-matter interactions is the absorption of
photons via an interband transition in a semiconductor. This interband transition
creates an electron in the conduction band and a hole in the valence band (Fig. 2.1).
The oppositely charged particles are created at the same point in space, and they
can attract each other through their mutual Coulomb interaction forming a neutral
electron-hole pair, called an exciton [14]. This pair can either recombine into
photon (radiative recombination) or thermally dissipate (non-radiative).
(a) (b) 
Figure 2.1: Qualitative illustration of the band structure in (a) a crystalline
inorganic and (b) an amorphous organic semiconductor.
This section will primarily discuss the theory of two major categories of semicon-
ductors: crystalline inorganic and molecular organic semiconductors. Figures 2.1
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and 2.2 highlight the main differences between organic and inorganic semiconduc-
tors. Inorganic semiconductor band structure consists of discrete bands with filled
valence bands (the shaded part of Fig. 2.1) and empty conduction band, whilst or-
ganic semiconductor band structure is composed of orbitals, where the energy gap
is represented by the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). The dispersions for both HOMO/LUMO
are relatively flat.
Zinc-blende Wurtzite 
Organic Molecule 
(a) (b) 
(c) 
2,7-bis[9,9-di(4-methylphenyl)-flouoren-2-yl]-9,9-
di(4-methylphenyl)flouorene 
Figure 2.2: Structure of crystalline semiconductors for (a) GaAs with Zinc-
blende structure, (b) GaN with Wurtzite strucute and (c) amorphous organic
small molecule.
GaAs was the material that was initially chosen by the polariton community.
However, the typical binging energy of GaAs exciton is small [24, 25], inhibit-
ing strong light-matter coupling at room temperature and thus the development
of structures from other materials or more sophisticated methods of confinement
were explored. Alternative semiconductor materials with higher exciton binding
energies such as GaN [4], ZnO [26, 27] and organic semiconductors [6, 28, 29] have
successfully shown polariton condensation. In addition, a spatial localization of
polaritons that enhances the polariton condensation at the lowest energy state has
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been achieved either by using photonic disordered cavities [8, 30, 31] and/or engi-
neered tunable potential traps [32, 33], or by etching planar microcavity samples
into pillars [34–36]. For most organic semiconductors, the strength of the Coulomb
interaction is weak and depends strongly on details of the molecular and crystal
structure. Therefore, the typical exciton in organic semiconductors are Frenkel [37]
and charge-transfer (CT) [38, 39]. In the case of Frenkel excitons, the electron and
hole are located on the same molecule and their binding energy (Fig. 2.1), which
(energy required to ionize the exciton into a free electron and hole) is of the order
of EB ∼ 0.1 - 1 eV. In CT excitons, the carriers are typically located on nearest or
next-nearest neighbour molecules. Both types of excitons play important roles in
organic semiconductor devices. The exciton binding energy and Bohr radius are
given by:
EB =
~2
2µα2B
where αB is the exciton Bohr radius: αB =
4pi~2εε0
e2µ
(2.1)
In inorganic semiconductors, the lowest-lying electronic excitations are Wannier-
Mott excitons [40, 41]. Due to high dielectric screening from the lattice, Wannier-
Mott excitons possess a spatial extent of the order of ∼ 100 A˚. Such excitons can
be described within the effective mass picture in which electrons and holes are
described as free particles with parabolic dispersion and effective masses dependent
on the crystal material. Most Wannier-Mott excitons have very small exciton
reduced effective mass (1/me = 1/mhole + 1/melectron) and consequently (in Eq. 2.1
µ  m0 and e2/ε  e2) their binding energies are much smaller (of the order
of EB ∼ 10 - 20 meV) than those of their organic counterparts and they thermally
dissociate at room temperature. However, GaN, which is used extensively in the
experiments of this thesis, possess an electron effective mass of me = 0.18m0 and
an exiton binding energy of EB ∼ 30 meV, and thus its exciton is stable at room
temperature.
2.3 Semiclassical treatment of exciton
Using the effective mass approximation [42], Wannier-Mott excitons can be con-
sidered within the framework of the hydrogen-like problem, where a mechanical
system of two masses, an electron and a hole, interact under a Coulomb potential
term −e/(4pi0|re − rh|). Consequently, energy levels of Wannier-Mott excitons
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follow a Rydberg progression, given by:
EB(nB,K) = Eg −R∗y
1
n2B
+
~2K2
2M
, (2.2)
with principal quantum numbers nB = 1,2,3,... and M = me+mh and K = ke+kh
are the translational mass and wave vector of the exciton. The exciton binding
energy is given by:
R∗y = 13.6 eV
µ
m0
1
2
, (2.3)
where the effective Rydberg energy is modified by the effective mass µ = memh
me+mh
of the electron and hole and the dielectric constant of the medium . m0 is the
free electron mass. The exciton radius αXB = αB
µ
m0
[43]. It is apparent that the
Rydberg energy of the exciton is much smaller than the bandgap and the Bohr
radius is larger than the lattice constant.
In the Frenkel exciton case, the single-electron approximation is therefore not suf-
ficient to describe the system and can be replaced by a Hamiltonian that describes
the Frenkel exciton in terms of an exciton band number and a wavevector [44].
Organic molecules consist of many intermolecular bindings exhibiting many modes
of freedom namely vibronic, rotation and liberation. Figure 2.3 shows the char-
acteristic Jablonski diagram used for presenting the molecular electronic states
and the transition between them [45]. This diagram is named after the Polish
physicist Aleksander Jab lon´ski. In Fig. 2.3, each electronic state corresponds to
a bonding or anti-bonding molecular orbital. When the molecule absorbs a pho-
ton, its electron can be promoted from a bonding orbital in the ground state to
an anti-bonding orbital in the excited state. Such electronically excited states of
a molecule contain two unpaired electrons in different orbitals. The two excited
electronic states can accommodate two electrons with either paired (antiparallel)
or unpaired (parallel) spins. A state with paired spins is termed as single state
and a state with unpaired spins is termed as triplet state1.
The singlet ground, first and second electronic states along with vibrational energy
levels are designated by S0, S1 and S2 respectively. The first and second triplet
states are depicted by T1 and T2. In addition, the upward arrow indicates the
absorption of light by a molecule and its electron promotion to a particular state
1A triplet state under magnetic field will Zeeman split into three quantized states, thus it is
called triple.
Fundamentals of microcavity polaritons 11
A
bs
or
pt
io
n
Fl
uo
re
sc
en
ce
Intersystem
crossing
Intersystem
crossing
T-
TA
bs
or
pt
io
n
A
bs
or
pt
io
n
In
te
rn
al
co
nv
er
si
on
S0
S1
S0
S2
T1
T2
T3
k1 k2
k3
k4
Figure 2.3: Characteristic Joblonski diagram of an organic molecule that
shows the typical energy levels and energy-transfer process. The straight arrows
represent radiative processes and the wavy arrows non-radiative processes.
of excitation; the rate constant of this process is denotes as k 1
2. Then, relaxation
of the excited state to its lowest vibrational level takes place (on the time scale of
∼ 10−13 s), a process called internal conversion (Fig. 2.3 and 2.4).
Internal conversion involves the energy dissipation from the molecule to its sur-
roundings, and thus it cannot occur for isolated molecules. When a molecule
relaxes the lowest energy vibrational state, fluorescence is emitted due to the
transition S1 → S0; the rate constant of this process is denotes as k 2 with typical
values in the range of ∼ 106 to 109 s−1 (Figs. 2.3 and 2.4). Consequently, the rate
of the non-radiative phonon emission (internal conversion) is much larger than
the radiative and therefore radiative transitions are most likely to occur from the
lowest vibrational of an excited state. This principle is known as Kasha’s rule.
2Rate constant k is defined as the reciprocal of the transition time.
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Figure 2.4: The figure on the left shows the absorption and luminescence of
TDAF. Due to the the large photoluminescence Stokes shift, TDAF is transpar-
ent to its own radiation. Stractural formula of TDAF is also shown. The right
figure shows the molecular configuration energy diagram of the TDAF electronic
states S0 and S1. Comparing with the left figure, we depict the strongest optical
transition as the transition (0 → 2∗). K0−3 and ∗K0−3 indicate the vibrational
energy levels on top of which the vibrational wavefunctions are drawn. The
equilibrium distance, r0, and nuclear displacement ∆r are indicated.
Excited molecules in an S1 state can undergo a spin conversion to the first triplet
state T1. This radiationless process is called intersystem crossing and occurs with
the rate constant represented by k 3. Phosphorescence is another radiative process
that takes place in organic molecules. It typically occurs between T1 → S0 and
because of its forbidden character it is a very slow process (k 4 ∼ 10−2 to 106 s−1).
Figure 2.4 shows that the energy of the emitted photon EB is lower than that of the
absorbed photon EA. The lost energy between EA → EB is known as the Franck-
Condon energy shift, leading to an energetic redshift (Stokes shift). As an example
of the Franck-Condon shift in amorphous molecular organic thin films, in Fig. 2.4
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we plot the absorption and luminescence of 2,7-bis[9,9di(4-methylphenyl)-fluoren-
2-yl]-9,9-di(4-methylphenyl)fluorene (TDAF). TDAF is extensively discussed in
this thesis and it is the first amorphous molecular organic semiconductor that
shows polariton condensation and nonlinear optical effects.
2.3.1 Oscillator strength
In semiconductor microcavities, an important requirement for strong light-matter
coupling is the high oscillator strength of the active material. Therefore, in the
following subsection we will introduce the oscillator strength concept in excitons
by treating them as simple hydrogen atoms. Here our goal is to relate the experi-
mental spectroscopic quantities to the theoretical quantities. For a more analytical
description, the reader is referred to [42].
In the Lorentzian oscillating dipole approximation [14, 42, 46], the oscillators of
the exciton couple to the applied electric field of the electromagnetic radiation E(t)
= E0exp(−iωt) (or E(t) = E0 cos(ωt). To extract the motion equation (Eq. 2.4),
we assume that the applied field a) propagates in the z-direction, b) is polarised in
the x-direction, parallel to the dipole oscillation and c) that the mass m of every
oscillator carries a charge e that is fixed in the equilibrium position of every mass.
mx¨+mγx˙+ βx = eE(t) (2.4)
where β and γ are the force constant of the “spring” and the damping constant of
the motion, respectively.
The oscillation of the electric field is connected with a dipole moment with a
nucleus-electron oscillator.
px = exp (2.5)
and polarisability:
α(ω) =
exp
E0
=
e2
m
(ω20 − ω2 − iωγ)−1 (2.6)
If we now consider a semiconductor as a three-dimensional array of oscillators with
N density excited by electromagnetic radiation, the result will be the same and
we shall get a preliminary polarization density P as described in Eq. 2.6.
P = NaE0 =
Ne2
m
(ω20 − ω2 − iωγ)−1E0 (2.7)
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The dielectric displacement becomes:
D = 0E + P = 0[1 +
Ne2
m0
(ω20 − ω2 − iωγ)−1]E (2.8)
and the dielectric function (ω) is described by the following equation:
(ω) = 1 +
Ne2
0m
(ω20 − ω2 − iωγ)−1 (2.9)
where N is the number of oscillators per unit volume V . Now, we can express the
oscillator strength f as a dimensionless quantity:
f =
2Nω0
0~
|HDij |2 =
2Nω0
0~
| < j|HD|i > |2 (2.10)
In quantum mechanics, this coupling is given by the transition matrix element
|HDij | squared and we obtain the dielectric function:
(ω) = 1 +
f
ω20 − ω2 − iωγ
(2.11)
This theoretical quality of the oscillator strength f in the classical theory of light
absorption is related to the experimental quantity by the expression:
f = D
∫
dv¯, (2.12)
where D is a constant that takes values depending on whether the sample has a low
or high density of oscillators,  is the extinction coefficient of the absorption and
v¯ is the energy expressed in wavenumbers (cm−1). Including the assumption that
the absorption spectrum is a smooth Gaussian curve, the integral above simplifies
to: ∫
dv¯ ∼ max∆v¯ 1
2
, (2.13)
where max is the value of  at the absorption maximum and ∆v¯ 1
2
is the full width
half maximum (FWHM) of the absorption band. Equation 2.13 will be used in
chapter 4 for the calculation of the oscillator strength of the TDAF molecules.
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2.4 Microcavities
This section introduces cavity polaritons as fundamental excitations of semicon-
ductor microcavities in the strong exciton-photon coupling regime.
2.4.1 Photon confinement
As mentioned above, the first key element needed for strong coupling between light
and matter is a high oscillator strength active material. The second key element
is light confinement that is achieved by the modulation of refractive index in
optical microcavities. Planar optical microcavity consists of a planar Fabry-Perot
cavity sandwiched between two perfectly parallel aligned reflectors (Fig. 2.5). Its
DBR
DBR
Lc
Figure 2.5: The figure on the left shows a schematic of a typical Fabry-Perot
cavity where two DBR mirrors are separated by a semiconductor spacer. The
figure on the right shows a TEM cross-section of a DBR. The light regions are
Ta2O5 and the dark regions are SiO2. The scale bar corresponds to 250 nm.
reflectors can be either metallic or distributed Bragg reflectors (DBRs) ones. The
use of metal microcavities can be beneficial for several reasons: a) It provides
a simple means for electrical injection. b) The reflectivity stopband provided
from this structures is broad enough to accommodate both the upper and lower
polariton branches, and c) the mode volume is smaller than this provided by DBRs,
resulting in a stronger interaction potential between exciton and photon. However,
the modes of a metal microcavity are restricted by the lossy material properties,
and its reflectivity is strongly limited by the thickness of the metal film. For metal
Fundamentals of microcavity polaritons 16
microcavities operating around the ultraviolet and optical region of spectrum, the
quality factor, Q, is usually smaller than 500 [14].
In contrast, DBR microcavities offer high Q which is limited only by the number
of pairs consisting the DBR. In this thesis we exclusively used dielectric DBRs and
thus we will particular focus on dielectric DBRs structures.
A DBR is a periodic succession of layers of two materials with alternating high
and low refractive indexes. The optical thickness of every layer is matched to
be a quarter of the desired reflected wavelength, λ, so that the reflected light
in the DBR interferes constructively within a spectral range called the stopband
(Fig. 2.6). The reflectivity is given by [47, 48]:
TE polarisation:
R(θ) = 1− 4next
nc
cos θ
cos θc
(
nL cos θL
nH cos θH
)2M , (2.14)
TM polarisation:
R(θ) = 1− 4next
nc
cos θc
cos θ
(
nL cos θH
nH cos θL
)2M , (2.15)
where nL(θL), nH(θH), nc(θc) and next(θ) are the refractive indices (angles) of the
low - and high - index layers, the cavity and the external medium. M is the
number of mirror pairs. It is apparent that more pairs increases the reflectivity
value, which can reach 99.99%.
In the case of a Fabry-Perot cavity with ideal mirrors, the resonance condition is
given by:
Lc = mλ/2, (2.16)
where m is an integer that represents the number of half wavelengths contained
in the cavity region, Lc is the cavity length and λ is the wavelength within the
cavity. By utilising the transfer matrix technique in Ref. [48], we found that the
eigenfrequencies of the cavity modes are determined by:
rDBR(ω) exp
(
i
ω
c
nc(ω)Lc cos θc
)
= ±1 (2.17)
Practically, in a fabricated DBR cavity, there is a considerable phase change during
reflection from the mirrors and the DBR penetration depth, LDBR, is usually
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Figure 2.6: DBR reflectivity spectrum at normal incidence, computed using
a transfer matrix method for λ= 420 nm, with 11 periods of Ta2O5/SiO2 (black
dashed line) and 5 periods of Ta2O5/SiO2 (red line). The refractive indexes
have been taken to be nTa2O5 = 2.22 and nSiO2 = 1.45.
(always in the samples studied in this thesis) 2 to 3 times the Lc. We use the
approximate, parametrised expression for the reflection coefficient of the DBR,
rDBR, showing its dependence on angle and polarization [48]:
rDBR(ω) =
√
R exp
[
i
nc
c
LDBR(ω − ωs) cos θc
]
(2.18)
where LDBR and ωs are given by:
TE polarization:
LDBR(θ) =
2n2Ln
2
H(LL + LH)
n2c(n
2
H − n2L)
cos2 θL cos
2 θH
cos2 θc
, (2.19)
ωs(θ) =
pic
2(LH + LL)
nL cos θL + nH cos θH
nLnH cos θL cos θH
, (2.20)
TM polarization:
LDBR(θ) =
2n2Ln
2
H
n2c
LL cos
2 θL + LH cos
2 θH
n2H cos
2 θL − n2L cos2 θH
, (2.21)
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ωs(θ) =
pic
2
nL cos θH + nH cos θL
nLnH(LL cos θ2L + LH cos θ
2
H)
, (2.22)
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Figure 2.7: TM-polarised and TE-polarized DBR penetration depths calcu-
lated using Eq. 2.19 and Eq. 2.21. The refractive indexes and layer thicknesses
have been taken to be nL = 1.4, nH = 2.2, nc = 2.4, LL = 90 nm, LH = 80 nm and
Lc = 120 nm. Note that the LDBR > Lc and the splitting between TE and TM
at large angles.
Figure 2.7 shows the TM-polarised and TE-polarized DBR penetration depths
as a function of the incidence angle. This dependence appears as a significant
modulation of the reflection coefficient shown in Eq. 2.18.
The resonant optical mode of a microcavity is given by [48, 49]:
ωm(θ) =
Lcωc(θ) + LDBR(θ)ωs(θ)
Leff (θ)
whith ωc(θ) =
mpic
ncLc cos θ
, (2.23)
where ωs is the angle-dependent stopband center frequency, LL and LH are the low-
and high-refractive index layer lengths, Leff = Lc + LDBR [50, 51] is an effective
cavity length and nc is the refractive index of the cavity. The above equation
(Eq 2.23) shows that the physical cavity length Lc does not play as important role
as the center of the DBR stopband does on the cavity-mode dispersion.
By using a transfer matrix technique, a more accurate calculation of the micro-
cavity resonant optical mode dispersion ωm(θ) can be computed. Figure 2.8 shows
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the cavity reflectivity and electric field intensity computed using a transfer matrix
code accounting for dispersive effects in all of the layers refractive indices.
2.2
2.0
1.8
1.6
R
e
f
r
a
c
t
i
v
e
 
i
n
d
e
x
2000150010005000
Position (nm)
F
i
e
l
d
 
I
n
t
e
n
s
i
t
y
 
(
a
.
u
.
)
1.0
0.5
0.0
R
e
f
l
e
c
t
i
v
i
t
y
500450400350300
Wavelength (nm)
 0 deg
 45 deg
Figure 2.8: The figure on the top shows the TE-polarised reflectivity of a
Fabry-Perot cavity with light incident from air calculated for 0 deg and 45 deg
incidence angles. The figure on the bottom shows the electric field intensity for
the resonant cavity mode at normal incidence. The refractive indexes have been
taken to be n(Ta2O5) = 2.20 and n(SiO2) = 1.45.
Optical microcavities belong to the group of optical resonators which have a char-
acteristic quality factor representing the energy storage time compared to the loss
rate. It is defined as [52]:
Q =
λ0
δλ0
(2.24)
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where λ0 is the resonance wavelength at normal incidence and δλ0 is the λ0 full-
width half-maximum (FWHM). Equivalently, photon damping rate is given by:
τ =
Q
ωm
(2.25)
2.5 Microcavity polaritons
When the photonic mode of a cavity is resonant with the optical transitions of
an active material, new physical phenomena arise namely the weak and strong
exciton-photon coupling.
In the strong coupling regime, the cavity mode and the exciton are in superposi-
tion, described by quasiparticles called polaritons. Moreover, the energy exchange
between the two, the Rabi splitting Ω, is faster than the individual decay rates of
the cavity (γc) and the exciton (γex). Practically, a measurable splitting of two
polariton branches in the optical spectrum is observed when the Rabi splitting is
greater than the linewidth difference between the cavity and exciton modes [2, 53].
2.5.1 Semiclassical theory
By using linear dispersion theory, the Rabi splitting can be interpreted semiclas-
sically. Moreover, according to the linear dispersion theory of polaritons, we can
readily express the polariton dispersion relations by using a single dielectric con-
stant.
The exciton resonance can be described using the transverse dielectric function
that includes spatial dispersion 3 and damping is:
(ω,k) = b +
bωδ
ω0 − ω + 2(~k2/2M)− iγ (2.26)
where b is the free-space dielectric constant, ωδ is a constant related to the os-
cillator strength (f = 40
√
bm0cωδ/e
2) called longitudinal-transverse splitting, γ
is an empirical damping parameter resulting from the total (homogeneous plus
3Spatial dispersion is the dependence of the dielectric constant on wavevector k. Equivalently,
it implies that the dielectric constant is non-local ((r, r′)) in position space
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inhomogeneous) broadening of the excitonic resonance, ωex is the bare excitonic
resonance and M is the exciton effective mass.
In inorganic and organic bulk semiconductors, we can assume a cavity filled with a
bulk-layer that has a single dispersionless resonance ωex and M =∞, then Eq. 2.26
becomes [54]:
(ω) = b +
A
ω2ex − ω2 − iγex
, (2.27)
where, A is proportional to the oscillator strength of the transition.
Similar to an empty cavity (Eq. 2.28), the dispersion relation of a filled microcavity
is given by:
rDBR(ω) exp
(
i
ω
c
n(ω)Lc cos θc
)
= ±1 (2.28)
where:
n(ω) ≈ √b + A/(4ω0
√
b)
ωex − ω − 2iωγ ≡ nb + n
∗(ω) (2.29)
is the refractive index and from Eq. 2.18:
rDBR(ω) =
√
R exp
[
i
n(ω)
c
LDBR(ω − ωex) cos θc
]
(2.30)
is the phase change upon reflection from a Bragg mirror with stopband frequency,
ωs, centred at the exciton resonance ωex.
The bare cavity mode frequency from Eq. 2.23 is then given by:
ωm(θ) =
mpic+ nbLDBRωex
nbLeff cos θ
, (2.31)
where we set n(ω) = nb.
The dispersion equation 2.28 then reads:
(ω−ωex−iγex)(ω−ωc−iγc)nb(Leff ) = A
4ωexnb
[ωLc+(ω−ωex−iγex)LDBR] (2.32)
For high reflectivity R, Eq. 2.32 can be reduced to the coupled oscillator problem
for two oscillators, the cavity with complex eigenfrequency ωc−iγc and the exciton
with complex eigenfrequency ω0 − iγ04.
(ωc − iγc − ω)(ωex − iγex − ω) = V 2 (2.33)
4We took that in Eq. 2.27 ωex = ω0
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where the interaction potential is:
V 2 =
A
4n2b
(
Lc
Leff
)
(2.34)
Equation 2.33 has two complex solutions:
ωUP,LP =
ωc + ωex
2
− iγex + γc
2
±
√
(ωex − ωc)2
4
+ V 2 − (γex − γc)
2
4
+
i(ωex − ωc)(γex − γc)
2
(2.35)
At resonance, ωc = ω0, the energy splitting ωUP − ωLP is given by:
Ω =
√
4V 2 − (γc − γ2ex), (2.36)
In the strong coupling regime, the condition V > |γex − γc/2| is satisfied and
the characteristic anticrossing between the exciton and the photon modes takes
place. In this regime, two new quantized modes, called upper (UP) and lower
polariton (LP) modes, manifest themselves as optical resonances in reflection and
transmission spectra.
2.5.2 Quantum theory
The quantum theory of polaritons contains the key elements for the interpretation
of polariton dynamics and nonlinear effects. In this part we will use quantum
theory to derive the dispersion relations of the UP and LP branches, similarly to
the previous section.
Haug and Koch [55] showed that the exciton, photon and exciton-photon interac-
tion Hamiltonians can be written in the form:
Hˆ0 = Hˆex + Hˆph + Hˆint, (2.37)
where,
Hˆex =
∑
k
Eex(k)Xˆ
+
k Xˆ
−
k , (2.38)
Hˆph =
∑
k
Ec(k)Pˆ
+
k Pˆ
−
k , (2.39)
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Hˆint =
∑
k
−ig(k){Xˆ+k Pˆ−k − Pˆ+k Xˆ−k } (2.40)
where k is the in-plane momentum, Eex(k) and Ec(k) are the uncoupled exciton
and photon energies. Xˆ+k , Xˆ
−
k and Pˆ
+
k , Pˆ
−
k are exciton and photon creation (
+) and
annihilation (−) operators, respectively. The exciton-photon coupling constant is
g(k) = µΨ(r)(r=0)
√
piEc(k) for the lowest order (m = 1) cavity mode, where Ψ(r)
is the 2D exciton wavefunction. The Hamiltonian (Eq. 2.41) is bilinear in the oper-
ators Xˆk and it Pˆk and can be easily diagonalized with the Hopfield transformation
[56] by introducing the polariton creation and annihilation operators pˆl
+
k and pˆl
+
k :(
pˆl(k)+
pˆl(k)−
)
=
(
x(k) c(k)
−c(k) x(k)
)(
Xˆk
Pˆk
)
(2.41)
where,
pˆl
+
k = x(k)Xˆk + c(k)Pˆk and pˆl
−
k = x(k)Pˆk − c(k)Xˆk (2.42)
The Hopfield coefficients x(k) and c(k) are given by [56]:
|x(k)|2 = g
2(k)
g2(k) + (EU,L(k)− Eex)2 (2.43)
|c(k)|2 = 1− |x(k)|2 (2.44)
where the exciton and photon fraction of each polariton is contained within these
coefficients. Then, the Hamiltonian becomes:
Hˆ =
∑
k
E(k)pˆl
+
k pˆl
−
k , with (2.45)
EUP,LP (k) =
1
2
(Eex(k) + Ec(k))± 1
2
√
∆2 + 4g(k)2 (2.46)
where ∆ = Eex(k)−Ec(k) is called Detuning representing the tuning of the cavity
energy (Ec) across the exciton resonance (Eex). Here, the positive and negative
signs refer to the upper and lower branch, respectively.
Figure 2.9 shows the characteristic anticrossing of the two polariton branches at
the k where the cavity energy matches the exciton resonance. Similarly to the
semiclassical approach presented above, the minimum separation between the two
polariton branches occurs when Eex = Ec and is equal to g = 2~Ω, which again is
the Rabi splitting.
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Figure 2.9: The calculated anticrossing (left figure) and Hopfield coefficients
(right figure) of the lower (ELP ) and upper (EUP ) polariton energy levels while
tuning the cavity energy (Ec) across the exciton resonance (Eex). The exciton
resonance (Eex) and Rabi splitting (~Ω) have been taken to be 3.534 eV and
0.4 eV , respectively.
In this quantum theory, the mixed exciton-photon nature of polaritons is explicitly
highlighted. In particular, Eq. 2.42 shows the polariton chain process in the time-
domain, where the creation of a pure photonic state results in the cyclical exchange
of energy between the lower (ELP ) and upper (EUP ) polariton energy levels at
the Rabi frequency. In such a process, the exciton decays and emits a photon
which will be reabsorbed by the medium, creating a new exciton. This periodic
absorption and emission will be going on until the excitation escapes out of the
cavity. In Fig. 2.10 we see that the lower polariton (upper polariton) is exciton-like
(photon-like) at high k and converges to photon-like (exciton-like) at low k.
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Figure 2.10: (a-c) Polariton dispersions and (d-f) corresponding Hopfield co-
efficients for (a & d) negative, (b & e) zero and (c & f) positive detuning between
the cavity and the exciton mode. The exciton resonance (Eex) and Rabi split-
ting (~Ω) have been taken to be 3.534 eV and 0.4 eV , respectively.
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2.6 Polariton kinetics
2.6.1 Photoluminescence
Over the last two decades, polariton devices have attracted significant interest from
researchers owing to the many fascinating phenomena observed such as stimulated
scattering, parametric amplification, condensation and superfluidity. Weisbuch
et al. [2] was the first to demonstrate polariton emission from a semiconductor
microcavity device displaying Rabi splitting. This observation was followed a few
months later of further evidence of the polariton physics by Houdre´ et al. [57] who
measured for first time the Rabi splitting up to room temperature and the energy-
momentum dispersion curve by means of angle-resolved emission spectroscopy.
Access to the energy- and momentum-resolved population of the polariton states in
planar microcavities can be achieved by angle-resolved photoluminescence (PL).
Typically, the semiconductor microcavity is optically excited non-resonantly at
high energy, generating coherent electron-hole (e-h) pairs that eventually lose their
coherence and populate the exciton reservoir (Fig. 2.11). Then, polaritons relax
along their LP dispersion curve by emitting optical and/or acoustic phonons, which
is the dominant relaxation pathway. The peculiar shape of the LP dispersion plays
a fundamental role in the polariton relaxation kinetics. In inorganic semiconductor
microcavities, relaxation of polariton into the trap at k = 0 is inhibited due to the
dissipation of large amount of energy with very little simultaneous reduction in k.
Therefore, polaritons congest at a region in the vicinity of trap, preventing effective
relaxation near the photonic-like bottom of the LP. This phenomenon is called
relaxation bottleneck and is demonstrated in Fig. 2.11. At high polariton densities,
however, nonlinear polariton-polariton scattering can be effective in overcoming
the bottleneck [24, 58, 59].
Here lies the key advantage of high exciton binding energy semiconductors. In GaN
and organic semiconductors5, which are the categories of semiconductors that we
explicitly investigate in this thesis, exciton-photon coupling can be achieved at
room temperature. In contrast to cryogenic-temperature realised experiments,
5For organic microcavities in the strong coupling regime, a complete theory of photolumi-
nescence is not currently available to date. Relaxation via the emission of an intramolecular
vibration that is proposed by Litinskaya [60] is one of the relaxation mechanisms have been pro-
posed. Although, calculations of the PL spectrum of J-aggregate microcavities, where exciton-
phonon scattering has been used as the main relaxation pathway, show good agreement with the
experiment.
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Figure 2.11: Schematic illustration of the phonon-relaxation mechanism in
strongly-coupled inorganic microcavities. Excitons from the reservoir relax
down to the bottom of the branch, but then the process is delayed due to a
reduction in exciton fraction and an increase in the photon fraction. The pho-
ton line is shown as a dashed line which separates the reservoir from the states
strongly-coupled to light [24, 58, 59].
acoustic phonon relaxation at room temperature is much more efficient, prevent-
ing the congestion of polariton at the bottleneck region. Particularly in organic
microcavities, to our knowledge, there has been no evidence of bottleneck effects.
Moreover, none of the microcavities studied in this thesis has shown PL bottleneck
effects.
2.7 Polariton lasing
Several physical systems have been used to demonstrate and study polariton lasing.
Polariton laser was introduced as a coherent light emitter by Imamoglu et al. [61]
who pointed out how the bosinic character of polaritons can be used to create a
polariton condensate that could emit coherent lase-like light. The threshold corre-
sponding to a polariton laser is not inherited by the population inversion condition
and thus it can be significantly below than that required for conventional lasing. As
mentioned in the previous section, accumulation of polaritons at the bottom of the
polation trap can be inhibited, preventing the final state stimulation of polariton,
Fundamentals of microcavity polaritons 28
which is the mechanism governing polariton lasing [61]. Consequently, the bottle-
neck effect can be suppressed by using room-temperature operating microcavities
[4, 6, 27–29, 62, 63], leading to realization of a more practical room-temperature
polariton laser.
By definition, polariton lasing is achieved by non-resonant excitation and the co-
herence of the pump beam is lost via scattering with acoustic phonons. Moreover,
the length of the polation trap is larger than the thermal energy, obstructing the
scattered polaritons at k = 0 to leak back to the exciton reservoir. The bosonic na-
ture of polaritons allows a large population of particles to accumulate in the same
energy state. In inorganic semiconductors, an unambiguous evidence of polariton
lasing is the onset of a second threshold, at higher excitation powers, correspond-
ing to the occurrence of conventional lasing. The transition to conventional lasing
happens when an inverted electron-hole plasma is formed. In organic microcavi-
ties, transition from the strong to weak coupling regime upon increasing excitation
power is inhibited do to the biomolecular quenching [28].
2.8 Bose-Einstein condensation of polaritons
The macroscopic observation of quantum phenomena can be accessed through
the Bose-Einstein Condensation (BEC) of a dilute gas of bosons. There, a non-
zero fraction of the total number of particles of the dilute gas would occupy the
lowest-energy single-particle state below a certain condensation temperature, Tc ∝
n2/3/m. The first experimental demonstration of BEC was realised at ∼ 200 nK
[64], using a gas of rubidium atoms (Rb87). However, BEC can be achieved at high
condensation temperature by using low mass, m, bosons in high consternations,
n. Polaritons inherit an effective mass as low as 1010 times that of a Rb87 atom
from their photonic component. Consequently, polaritons can condensate at a
phenomenal high Tc, suggesting them as the best platform for observation of BEC
at room temperatures. Inorganic microcavities have been exploited to demonstrate
rich phenomenology associated with Bose-Einstein condensation (BEC). However,
true polariton BEC is not strictly possible6, but a related phase transition known
as the Berezinskii-Kosterlitz-Thouless transition (BKT) [65, 66] can be achieve
6Polariton lifetime is very small, and thus it can be only achieved a dynamic equilibrium
condensate defined by the balance between the pumping and decaying conditions in the system.
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Figure 2.12: The polariton emission from a CdTe microcavity is imaged in
the far-field (a) and as a function of angle (b). Upon reaching threshold, a
superlinear increase in the emission intensity is observed, accompanied by a
collapse of the polariton distribution to the bottom of the branch. The extracted
distribution function is shown in (c) and corresponds well to a Bose-Einstein
distribution. The near-field emission is shown above (d) and below (e) threshold.
Above threshold, many localized condensates appear due to structural disorder
on the sample. (f) The phase correlations are measured between two condensate
spots. Above threshold (red) fringes are observed when superposing the emission
using a Michelson interferometer, while below threshold (blue) no fringes are
observed [Reproduced from Ref. [8]].
instead. In this case, spontaneous phase coherence of the particles occurs without
truly infinite long range order.
Bose-Einstein condensation of polaritons has been conclusively observed in quasiequi-
librium [8]. In these experiments, a spontaneous build up of spatial coherence and
macroscopic coherence across the entire condensate were observed. Evidence has
also been found for localization of the condensate in real space due to disorder,
and this the phase transition is known as a Bose glass [67, 68]. Figure 2.12 shows
a summary of the aforementioned results. Recent experiments have demonstrated
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BEC in a polariton trap [32], the observation of vortices [22] and the preparation
of pi-state condensates [69].
2.9 Summary
In this chapter the basic concepts of confined excitons and photons that lead to
the rise of polaritons in semiconductor microcavities were reviewed.
Chapter 3
All-dielectric GaN microcavity
3.1 Introduction
Polaritons have a finite lifetime, determined principally by their photonic compo-
nent, beyond which they decay through the cavity mirrors. If relaxation is efficient
enough, however, a macroscopic population can be accumulated in a single state-
often the ground state – via bosonic final – state stimulation [61, 70, 71]. The
threshold corresponding to this process, termed polariton lasing, can be signif-
icantly below that required for conventional photon lasing. Although polariton
lasing has been mainly observed at low temperature owing to the small bind-
ing energy typical of Wannier-Mott excitons [71], recent developments have led
to room-temperature (RT) demonstrations in ZnO and group III-nitride (III-N)
semiconductors [4, 27, 62, 63].
In this chapter, we demonstrate strong light-matter coupling and RT lasing in
a gallium nitride (GaN) microcavity fabricated by integrating a GaN membrane
into an all-dielectric distributed Bragg reflector (DBR) mirror cavity. This is the
first demonstration of RT polariton lasing in a GaN microcavity fabricated by
employing a wavelength selective wet photo-electro-chemical (PEC) etching tech-
nique. In addition, we report lasing thresholds achieved under quasi-continuous
optical pumping [4, 72, 73], closely reproducing electrical injection of a real device,
which is in stark contrast to previously used pulsed femtosecond optical excita-
tion. Firstly we introduce the wavelength selective wet PEC technique utilised in
order to selectively etch AlGaN films on GaN. Then, we show the lift-off fabrica-
tion technique used to incorporate the GaN membrane inside the mirror cavity.
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Finally, we conclude by presenting the linear and non-linear optical properties of
the complete GaN microcavity, by means of angle-resolved and power dependence
spectroscopy.
3.2 Why all-dielectric GaN microcavities ?
Nowadays, a large part of the modern semiconductor technology is based on III-N
materials. They offer not only excellent mechanical strength and chemical in-
ertness, but also they are excellent materials for optoelectronic, as well as high
temperature and high power electronic devices. In GaN-based microcavity fabrica-
tion technologies, the monolithic growth of DBRs is widely used, but is extremely
challenging due to the intrinsic lattice-mismatch issues that Al(Ga)N/GaN [74]
quaterwave layers have (Fig. 3.1). The lattice matched AlInN/GaN-based DBRs
have considerably low refractive index contrast, leading to narrow reflectivity stop-
bands, which become comparable to the Rabi splitting [11, 75].
Moreover, in both categories of epitaxial nitride DBRs, AlGaN/GaN and AlInN/-
GaN, the low refractive index contrast between the alternating quarterwave layers
results in low reflectivity stopbands. Usually, this problem is overcome by fabri-
cating tens of pairs of DBRs, resulting in thick DBRs. As we show in Eq. 2.41,
the increased thickness of DBRs results in the reduction of the exciton-photon
interaction potential. It is worth noting that the strong coupling light-matter con-
dition, V > |(γex − γc)/2|, is strongly dependent on having both a high reflectivity
stopband and thin DBRs. This suggests that the epitaxial nitride DBRs are not
ideal candidates for cavities operating in the strong coupling regime.
In contrast, dielectric DBRs offer flexibility in fabrication and a wide variety of
high refractive materials is available. The difficulty, however, is found in the
integration of the GaN layer into the dielectric DBR cavity. Recent reports have
shown fabrication of fully dielectric microcavity structures by either selectively
wet etching a sacrificial layer [78–83] or mechanically polishing a thicker GaN film
to produce membranes [84–86]. An essential requirement of the above methods
is the small number of dislocations on GaN membrane surfaces. In principle,
the quality factor and consequently the polariton lifetime are strongly affected by
strongly disordered membranes, and hence, polariton lasing cannot be achieved.
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(a)
(b) (d)
(c)
Figure 3.1: (a) TEM image of a 20-pair AlInN/GaN DBR grown on a 1µm
thick GaN buffer layer shows the dislocation network originating from the GaN
buffer and propagating through the DBR. (b) Ex situ analysis of the reflectiv-
ity spectrum of a moderate-reflectivity DBR (20 pairs) centred at green wave-
lengths: full line is the experimental spectrum, dotted line the fitted curve. (c)
AlInN/GaN refractive index contrast vs lattice mismatch to GaN. The AlGaN/-
GaN material system is also shown for comparison. [Reproduced from Ref. [76]]
(d) SEM cross-section view of the AlInN-based bottom DBR of a newly devel-
oped VCSEL microcavity. The authors here used focused ion beam (FIB) for
milling and the DBR is free of dislocation/cracks [Reproduced from Ref. [77]].
Therefore, many challenges need to be addressed concerning the fabrication of
both GaN membrane and DBR cavity.
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3.3 Excitons in Gallium Nitride
GaN belongs to the family of wurzite semiconductors. It is a direct bandgap semi-
conductor with bangap energy ∼ 3.4 eV. At cryogenic temperatures, the valence
band of GaN splits into three non-degenerate sub-bands composing three different
excitations called as A, B, and C excitons depicted in Fig. 3.2. Due to the phonon
broadening at room temperature, the A and B excitons appear as a single peak,
while the C exciton appears as a change in slope [86–90].
Wurtzite(a) (c)
(d)
(b)
Figure 3.2: (a) Wurtzite crystal structure. (b) Energy of the A exciton vs
temperature. The solid line is a fit to Varshni equation. The exciton linewidth is
plotted as a function of temperature [Reproduced from Ref. [87]]. (c) Absorption
spectrum for GaN at room temperature. The inset is an expanded view of
the excitonic structure at 77 K [Reproduced from Ref. [86]]. (d) White light
reflectivity spectra of an unintentionally doped MOCVD c-plane GaN template,
acquired at different temperatures [E. Trichas (private communication)].
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As already mentioned in chapter 2, the binding energy of the remaining GaN
exciton1 at room temperature is ∼ 25 meV [86, 88, 89], which is larger than that
for bulk GaAs (∼ 4.8 meV) [91–93]. Together with its large coupling strength to
the light field, it makes GaN an essential material for microcavities operating in
the strong coupling regime.
Figure 3.2 shows the temperature dependence of the GaN exciton. At low tem-
peratures all three excitons can be distinguished. At room temperature, however,
only the A exciton can be resolved, with a linewidth of ∼ 25 meV and is redshifted
with respect to low temperature. The exciton linewidth increases due to the LO-
phonon and thermal phonon temperature-dependent scatterings [87]. According
to the empirical Varshni equation (Eq. 3.1), which is used to describe the tempera-
ture dependence of band-to-band transitions, the GaN exciton redshift is expected
to be of the order of ∼ 5 meV [87, 94].
E(T ) = E(0)− αT
2
(β + T )
, (Varshni quation) (3.1)
where E(0) is the exciton energy measured at ∼ 0 Kelvin and α and β are constants
that are obtained from the fit the experimental data. For bulk GaN, α and β are
on the order of 10−3 eV/K and 900 K, respectively. The above redshift is also
verified in Fig. 3.2.
3.4 Modelling of all-dielectric GaN microcavity
Trichas et al. [83] has previously reported the first successful integration of a 200 nm
thick GaN membrane into an all-dielectric microcavity consisting of SiO2/Ta2O5
alternating DBR layers. The GaN membrane was produced by a band gap-selective
PEC etching technique. However, a demonstration of strong light-matter coupling
regime was not achieved due to the low quality factor of these cavities. Here, we
continue this study by utilising the selective PEC etching technique. In order to
address the fabrication difficulties of the earlier report, we model the reflectivity
spectra of the previously used GaN-based all-dielectric microcavity by considering
the measured material parameters, using ellipsometry.
1At room temperature only the A exciton can be resolved, thus we will refer to this exciton
from now on
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Figure 3.3: Measured (a) refractive index and extinction coefficient of a bulk
GaN layer [E. Iliopoulos (private communication)] and (b) refractive indices of
SiO2 and Ta2O5.
Figure 3.3 shows the measured refractive index and extinction coefficient of a bulk
GaN layer along with the refractive indexes of SiO2 and Ta2O5 used in the trans-
fer matrix model [48, 49, 95]. SiO2 and Ta2O5 were chosen for two main reasons:
firstly, they provide high refractive indexes and low absorption at the GaN ex-
citon resonance and secondly, they can be readily evaporated in stacks, using a
wide range of techniques such us e-beam evaporation, thermal evaporation and
sputtering. All of the refractive indices used in this chapter were obtained using
spectroscopic ellipsometry (JA Woollam VASE).
Figure 3.4 shows the cavity reflectivity and electric field intensity at normal inci-
dence computed using a transfer matrix code for a symmetric 210 nm GaN cavity
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of 10 alternating Ta2O5/SiO2 pairs of 36 nm and 42 nm, tuned at the exciton res-
onance of ∼ 360 nm (∼ 3.41 eV). A quality factor, Q∼ 10000 was calculated for a
negatively detuned microcavity.
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Figure 3.4: (a) Calculated reflectivity spectra of a negatively detuned GaN
microcavity in which the high Q factor is its main characteristic. (b) Calculated
photon field distribution for the designed all dielectric GaN microcavity shown
along with its refractive index profile.
Figure 3.5 shows a contour map of the transverse magnetic angle-resolved reflectiv-
ity computed for the microcavity. In bulk GaN microcavities, the upper polariton
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Figure 3.5: (a) Contour map of the transverse magnetic angle-resolved re-
flectivity computed for a symmetric cavity of 10 alternating Ta2O5/SiO2 and a
210 nm GaN membrane; the solid lines show the uncoupled cavity photon (C)
and exciton (X) dispersion relations. The fit parameters are given in the inset.
(b) Angle-resolved reflectivity that is y-axis spaced. On these spectra, both the
upper and lower polariton branches can be readily identified.
branch (UP) is broadened and almost completely attenuated by the GaN absorp-
tion continuum at high energy. Therefore, we deliberately reduced the number
of DBR pairs from 10 to 6 and the GaN absorption by ten times in order to ob-
serve the UP. The dashed lines trace the upper and lower polariton branches, and
the solid black and blue lines show the dispersion of the uncoupled GaN exciton
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(X = 3.41 eV) and cavity photon (C) obtained from fitting the calculated dispersion
to a coupled harmonic oscillator model. The resulting fit parameters are shown in
the figure. A Rabi splitting, ~Ω = 160 meV, was obtained.
3.5 Photo-Electro-Chemical etching of GaN al-
loys
In this section, the resonantly enhanced PEC etching technique [82] is described.
We utilised PEC to achieve highly selective etching of a sacrificial InGaN layer
on GaN in the lateral direction. The anisotropy ratio was measured to be more
than 1:2000. This technique is used to fabricate high optical quality free-standing
∼200 nm thick GaN membranes. The integration of these high quality mem-
branes into all-dielectric microcavity structures results in high cavity quality fac-
tors Q∼ 600.
3.5.1 PEC principle
Wet PEC etching of c-plane GaN was first shown by Minsky et al. [96], who demon-
strated rapid etching of n-type GaN in an aqueous KOH solution. In this thesis,
we used the previously reported resonantly enhanced PEC etching in lateral di-
rection technique [81, 82] to achieve highly selective etching of a sacrificial InGaN
layer. The chemical etching of n-type semiconductors is described below.
When a n-type semiconductor film is immersed in an electrolyte solution electrons
in the n-region near the semiconductor/electrolyte interface are transferred into
the electrolyte. Subsequently, this charged solid surface attracts the oppositely
charged ions of the electrolyte. The n-region near the interface will become de-
pleted of electrons, leading to an upward bending of the energy bands. According
to Gerischer [97], the oxidised species and reduced species [98, 99] of the elec-
trolyte2 have a Fermi level, EF,redox, similar to the semiconductor Fermi level (EF).
As shown in Fig. 3.6, this charge transfer continues until EF,redox = EF= EF,equil.
2In KOH the oxidized species is K+ and the reduced specie is OH−.
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Figure 3.6: The n-type semiconductor/electrolyte interface before (left) and
after (right) equilibrium.
Consequently, the potential at the semiconductor surface will be higher than that
in the bulk, resulting to an upward bandbending, Vbuild. Moreover, when an addi-
tional negative bias, Vext < 0, is applied to the semiconductor, an increase in the
upward bending takes place, VTot = Vbuild − Vext.
Under illumination, additional electron-hole pairs are generated. The concentra-
tion of photogenerated electrons is, however, negligible compared to its equilibrium
value. In contrast, the hole concentration drastically increases, resulting in the
flow of holes towards the semiconductor/electrolyte interface. Thus, a measurable
photocurrent is generated. In the case of GaN and its alloys, Youtsey et al. [100]
proposed that the generated holes participate in an oxidation reaction, consisting
of the Ga oxidation and its oxide dissolution. The etching process is:
Ga oxidation:
2GaN + 6h+ + 6OH− → Ga2O3 + 3H2O +N2 ↑
(3.2)
oxide dissolution:
Ga2O3 + 6OH
− → 2GaO−33 + 3H2O.
(3.3)
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3.5.2 All-dielectric GaN cavity fabrication process
The GaN sample used in our experiments was fabricated by plasma-assisted molec-
ular beam epitaxy (PA-MBE) and consisted of a 50 nm In0.1Ga0.9N sacrificial
layer followed by a c-plane 210 nm GaN film deposited on commercial 3µm thick
unintentionally doped (0001)-oriented GaN buffer layer on sapphire templates
(Fig. 3.7). Then, a standard lithographic process was applied to evaporate a 40µm
× 40µm grid of the top dielectric DBR mirrors (10 repeats of SiO2/Ta2O5), which
serve as a hard mask to define rectangular 1µm high mesas by reactive ion etching
(RIE). The fabrication of mesas plays an important role in the subsequent selective
PEC etching of the sacrificial In0.1Ga0.9N layer.
1 μm
5 μm
(a) (b)
(c)
Figure 3.7: (a) Schematic sample structure (b) SEM image and (c) SEM
cross-section of the sample before the etching. The well-defined walls of the
mesa and the dislocation free SiO2/Ta2O5 DBR can be clearly seen.
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The photochemical etching of the In0.1Ga0.9N layer was carried out in the electro-
chemical cell shown in Fig. 3.8. The sample was clamped on the back side of the
Teflon cell, with its front surface facing the cell window, using a plunger. Sealing
between the sample and the cell was achieved by use of a cone shaped O-ring. A
platinum (Pt) electrode was used as the system cathode, while the sample with an
indium ohmic contact on its upper front surface serves as the anode of the system.
A circular opening on the top side of the cell was made to enable filling with the
chosen electrolyte. After the PEC etching was completed, the electrolyte/etching-
residues were removed by opening the drain gate located at the bottom of the cell.
A quartz 2 cm diameter circular window on the front side of the cell allows the
illumination of the top surface of the sample.
 
Figure 3.8: Schematic of the Teflon made cell for PEC etching experiments.
The counter and saturated calomel electrodes are not used in our case.
The etching of In0.1Ga0.9N was realised at room temperature using a low con-
centration of 0.001 M KOH solution. Although a number of different electrolyte
solutions such as HCl and H3PO4 have been reported in the literature for PEC,
KOH etching has shown to produce smoother etched surfaces and sharper vertical
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sidewalls [100]. When the sample is illuminated with photon energies below the
GaN bandgap and above the In0.1Ga0.9N bandgap at 300 K, electron-hole pairs are
generated in the In0.1Ga0.9N layer only
3. Moreover, the application of a reversed
4 V DC bias to the sample farther confines the holes at the KOH/In0.1Ga0.9N
interface, where they participate in the etching process described by Eq. 3.2.
KOH 
EVB ECB
Eg Sapphire
Energy
Eg GaN >hv > Eg InGaN
+++
-
- -
Eg GaN
Eg GaN
Eg InGaN
Figure 3.9: Schematic illustration of the band diagram of the laterally etched
structure with In0.1Ga0.9N sacrificial layer when the sample is immersed in the
electrolyte and excited by a laser diode.
In Fig. 3.9, the bandgap selective PEC etching of In0.1Ga0.9N is qualitatively de-
picted. According to Faraday’s law of electrolysis, the current flow between the
3When the sample is immersed in KOH, electron-hole pairs are generated in all the layers,
but the electron-hole content is negligible compared to the electron-hole pairs generated under
illumination in the In0.1Ga0.9N
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sample (anode) and Pt (cathode) is proportional to the reaction rate at the semi-
conductor/electrolyte interface, and therefore provides an instantaneous measure
of the etch rate of the semiconductor [100]. Considering this, we built a circuit to
record the produced photocurrent from the etching as a function of the elapsed
time, and a typical etch monitoring is shown in Fig. 3.10. The etching begins
(∼ 300 sec) with a photocurrent value of ∼ 1 mA/cm2 followed by an exponential
decay to its plateaux value (∼ 1800 sec). This exponential decaying stems princi-
pally from the formation of an oxide film on the etched surface. This oxide acts as
a barrier between the solution and the semiconductor, decreasing the photocurrent
and the etch rate respectively. When a dynamic equilibrium state between the ox-
ide dissolution and the semiconductor oxidation is established, a constant plateau
value of photocurrent is recorded, signalling the termination of the etching.
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Figure 3.10: Plot of photocurrent density versus PEC etching elapsed time. At
∼ 1800 sec a dynamic equilibrium state is established and etching is terminated.
Figure 3.11 shows qualitatively the PEC etching process flow described above. The
sample was biased using a tunable voltage source in series with an ammeter. We
note that the combination of a high illumination power density of 0.32 W/cm2 with
low concentration KOH (0.001 M) and application of reversed 4 V bias, ensured
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Figure 3.11: Schematic of the PEC etching setup.
the clear undercut of the sacrificial In0.1Ga0.9N layer while the top GaN membrane
was subject to negligible thinning [83].
Following the PEC etching, membranes are transferred onto carbon tape and the
sample was flipped for the evaporation of the second dielectric DBR mirror [83]
forming a 3λ/2 microcavity sample shown in Fig. 3.12. The choice of cavity thick-
ness was chosen to balance the need for mechanical stability of the etched mem-
brane and minimal cavity mode volume.
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Figure 3.12: (a), (b) and (c) Schematic of the process flow towards the fab-
rication of the all dielectric GaN microcavity. (d) SEM cross-section of the
microcavity sample.
3.6 Optical characterisation
In this section, the linear and nonlinear optical properties of the fabricated micro-
cavity structures at room temperature are investigated.
3.6.1 Reflectivity
The GaN microcavities were initially characterised using an angular resolved white
light (WL) µ-reflectivity set-up shown in Fig. 3.13 which allows simultaneous imag-
ing of the sample’s surface. Light from a Xenon lamp was focused down to a 10µm
diameter spot using a microscope objective (numerical aperture = 0.546) used for
both excitation and real space imaging. The reflected/emitted light was collected
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through a UV grade 400µm fiber coupled to a CCD spectrometer. Access to en-
ergies above 3.59 eV is restricted because these energies fall within the absorption
band of the microscope objective.
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Figure 3.13: SEM cross-section of the microcavity sample and schematic of
the angle resolved µ-reflectivity setup which allows angle resolved reflectivity
and real space imaging to be realised simultaneously.
Microcavity dispersion relations were measured by producing an image plot of the
angle dependent reflectivity spectra shown in Fig. 3.14, acquired by scanning the
fiber position behind the objective. Figure 3.14(b) shows the resulting contour
plot and the extracted reflectivity dip positions marked by the solid white line
taken at negative detuning of (δ = −95 meV). The data confirms that the sample
has a well-defined cavity mode and a wide reflectivity stopband (Fig. 3.14(a)).
Furthermore, the lower polariton branch (LP) exhibits reduced curvature at higher
angles compared with low energy Bragg mode dispersion (shown below on the same
scale), indicating the onset of the strong coupling regime. Although the numerical
aperture of the objective allows access to a wide range of angles approaching 30 deg,
this range is insufficient for unambiguous identification of the strong coupling
regime via µ-reflectivity measurements.
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Figure 3.14: (a) µ-reflectivity spectra of a complete structure measured at nor-
mal incidence. (b) Image plot of the angle resolved µ-reflectivity spectra. The
dashed lines X, C correspond to exciton and cavity mode dispersions, whereas
LP and BM branches marked by solid lines are modelled lower polariton and
Bragg modes, respectively [Reproduced from Ref. [63]].
3.6.2 Photoluminescence
Unambiguous proof of the strong coupling regime comes from angle-resolved µ-PL
measurements which allow access to a larger angular range (Fig. 3.15(a) and (c)).
Notably, as in most bulk active region microcavity cases, emission from the UP
cannot be easily resolved because of absorption by the continuum of electron hole
states which are not sufficiently separated from the exciton energy. Despite this,
a coupled harmonic oscillator model yields a good measure of the Rabi splitting
in this system which is estimated to be 55 meV (Fig. 3.15(a), (c) and 3.16). The
good quality of the sample is independently confirmed by higher resolution and
optimally focussed normal incidence µ-PL measurements yielding a cavity quality
factor of 680 (Fig. 3.15(b)).
Figure 3.16 shows image plots of angle resolved PL emission for two membranes
with different thickness, corresponding to exciton cavity-mode detunings of -55 meV
(left) and -45 meV (right) under non-resonant optical pumping at 325 nm using a
He-Cd laser. For both detunings, clear anticrossing behaviour is observed for the
lower branch which, at large angles, converges to the exciton energy of 3.41 eV.
All-dielectric GaN microcavity 49
10
2
10
3
10
4
10
5
PL (arb. units)
LP
BM TM
BM TE
0o - 58o
E n
e r
g y
 ( e
V )
3.5
3.4
3.3
3.2
3.1
En
er
gy
 (e
V)
6040200
Angle (deg)
X
UP
C
LP TE
TM 
Bragg
 P
L 
In
te
ns
ity
 (n
or
m
.)
3.453.353.253.153.05
Energy (eV)
Q = 684
Angle = 0°
3.40
3.35
3.30
(b) (c)
(a)
Figure 3.15: (a) Angle-resolved PL taken every 2o and up to 58o at low pump
powers. (b) RT normal-incidence PL. (c) Image plots of the RT µ-PL showing
clear strong coupling anticrossing behaviour. The dashed lines X, C show the
exciton and cavity mode dispersions, whereas the solid lines labelled LP and
UP correspond to the calculated lower and upper polariton branches from a
two coupled oscillator model. The solid lines labelled TM and TE correspond
to the polarisation split Bragg modes.
Contrarily, the low energy Bragg modes are found to be continuously dispersive
up to very large angles in good agreement with transfer matrix simulations for the
specific dielectric materials. A similar result is obtained for the bare cavity mode
shown by the dashed line. The above observations are a clear manifestation of
strong light-matter coupling.
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Figure 3.16: Image plots of the RT µ-PL showing strong coupling regime for
two different detunings (left, right). The dashed lines X, C show the exciton and
cavity mode dispersions, whereas the solid lines labelled LP and UP correspond
to the calculated lower and upper polariton branches from a two coupled oscil-
lator model. The solid lines labelled TM and TE correspond to the polarisation
split Bragg modes [Reproduced from Ref. [63]].
3.6.3 Gain measurement
We examine the nonlinear and lasing properties of the all-dielectric microcavity
by exciting the sample at a 45o incidence angle with a pulsed 0.51 ns frequency-
quadrupled Nd-Yag laser at 266 nm and 7.58 kHz repetition rate focused on a 10µm
diameter spot. Power dependent emission spectra obtained at normal incidence
are recorded in Fig. 3.17. The nonlinear increase in the PL above the threshold
∼ 40µW, is blueshifted with respect to the low power emission accompanied by a
simultaneous reduction in the linewidth as clearly seen in Fig. 3.17(b).
Direct comparison of the lasing threshold between previously reported short pulse
excitation [4] and our quasi-CW excitation experiment is not straight-forward.
However, a simple evaluation of peak power densities derived by normalising aver-
age recorded powers by the duty cycle of the laser pulse suggests (Eq. 4.7) a Power
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Figure 3.17: (a) Power dependent PL spectra showing nonlinear increase and
(b) blueshifted emission accompanied by reduction in the emission linewidth
above threshold of ∼ 40µW [Reproduced from Ref. [63]].
Density threshold of 89 mW/µm2.
Duty Cycle = pulse width * repetition rate
= 7.58 kHz ∗ 0.51 ns = 3.86 ∗ 10−6
spatial power =
pump power
pi ∗ Radiusspot2
= 3.4 ∗ 10−7 W ∗ µm−2
Power Density =
spatial power
Duty Cycle
=
3.4 ∗ 10−7 W ∗ µm−2
3.86 ∗ 10−6 = 89 mW ∗ µm
−2
(3.4)
Therefore the threshold is two orders of magnitude lower compared with previous
reports for the bulk GaN system [4]; Christopoulos et al. [4] reported a Power
Density threshold of 9.4 W/µm2. We attribute this lowering of the threshold to
the high finesse and good optical quality of the GaN microcavity.
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3.7 Conclusion
In conclusion, we have shown the fabrication method of a GaN based polariton
laser. The careful optimisation of PEC etching conditions induces highly selec-
tive lateral etching of an InGaN layer buried in a GaN matrix. The resulting
GaN thin film (210 nm) is extracted and encapsulated between dielectric DBRs
(Ta2O5/SiO2), forming a cavity with high quality factor (Q = 680). By performing
µ-reflectivity and µ-PL measurements we observed the strong coupling regime and
lasing at room temperature in these GaN microcavities with a lasing threshold that
is two orders of magnitude lower than previous reports [4]. The most important
characteristic of these bulk GaN cavity samples is their ease of fabrication, allow-
ing incorporation of quantum wells and electrical contacts into the active region of
the cavity and offering a route towards the fabrication of an electronic polariton
laser device.
Chapter 4
Nonlinear interactions in an
organic polariton condensate
4.1 Introduction
In the last ten years, a number of molecular systems showing room-temperature
strong coupling have emerged. More recently, Ke´na-Cohen and Forrest [6] pre-
sented experimental evidence of room-temperature polariton condensation in an
anthracene single-crystal microcavity. Anthracene does not show the character-
istic blueshift that in a microscopic picture results from polariton-polariton and
polariton-exciton interactions [13, 16, 101, 102]. In organic microcavities, polari-
ton interactions are much weaker for the tightly bound Frenkel excitons. In an
anthracene microcavity, however, relaxation to the bottom of the lower polariton
(LP) branch occurs through a resonant process that scatters excitons from the
reservoir to a specific energetic point on the LP branch and the observed thresh-
old is determined principally by this single scattering rate [103]. At present, this
mechanism is believed to result from the transition dipole moment connecting
the vibronic ground state of the first electronically excited state (S1) to the first
vibronic level of the electronic ground state (S0), the same pathway that leads
to stimulated emission in bare anthracene [104]. Thus, the lasing threshold does
not differ significantly from that of a conventional laser. This threshold was later
shown to decrease by one order of magnitude on lowering the temperature [105].
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In this chapter we demonstrate a Frenkel exciton-polariton condensate at room
temperature in a simple microcavity composed of a single film of thermally evap-
orated 2,7-bis[9,9-di(4-methylphenyl)-fluoren-2-yl]-9,9-di(4-methylphenyl)fluorene
(TDAF) sandwiched between two dielectric mirrors. In contrast to anthracene,
however, the condensate shows a strong blueshift as a function of pump power
which is a clear manifestation of exciton-polariton and polariton-polariton inter-
actions. To our knowledge, it is the first manifestation of Frenkel exciton-exciton
interactions in any material system. Both polariton interactions and relaxation
via phonon emission are critical for further reducing the threshold. Moreover,
polariton-polariton interactions can dramatically change the spectrum of low-
energy condensate excitations due to the resulting Bogoliubov dispersion [33].
For Wannier-Mott excitons, exciton-exciton interactions are the result of both the
Coulomb interaction between excitons and saturation which arises from the Pauli
exclusion principle [16, 102]. For most organic semiconductors, the strength of
the Coulomb interaction, which is dominant in the Wannier-Mott case, is weak
and depends strongly on details of the molecular and crystal structure [106]. The
saturation term, however, also leads to an effective interaction for Frenkel excitons
termed the polariton kinematic interaction. It originates from the fact that two
excitons cannot lie on the same lattice site and has been theoretically investigated
by several authors [106–108]. In particular, it has been shown that the Paulionic
nature of Frenkel excitons leads to an effective repulsive interaction [106, 107].
This chapter is organized as follows. Firstly we show the organic microcavity
fabrication process that is relatively simple compared with GaN microcavities.
The linear and non-linear optical properties of the complete TDAF microcavity, by
means of angle-resolved and power dependence spectroscopy, are then presented.
Finally, we conclude by presenting a simple macroscopic model derived to estimate
the polariton-exciton interaction constant.
4.2 Fabrication of all-dielectric organic micro-
cavities
Two microcavities were fabricated, consisting of 120- and 140-nm-thick TDAF
layers encapsulated by identical distributed Bragg reflectors (DBRs). The DBRs
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consisted of 6 pairs of 44 nm tantalum pentoxide (Ta2O5) and 68 nm silicon diox-
ide (SiO2) layers. These thicknesses were carefully chosen to keep both polariton
branches within the limited DBR stop band which is a challenge due to the large
Rabi splitting. The bottom DBRs were fabricated by RF magnetron sputter-
ing on pre-cleaned fused silica substrates. The TDAF layer was then thermally
evaporated at a rate of 2 A˚/s and a base pressure of ∼ 10−7 mbar. To finish the
structure, the top DBR was sputtered on the TDAF layer, without breaking the
vacuum. The TDAF was used as received, without further purification. Both sam-
ples showed detuning variations on the order of ∼ 50 meV due to intrinsic thickness
variations over the 15 x 15 mm sample size. The calculated empty cavity normal
incidence reflectivity and quality factor for our structure is shown in Fig. 4.1. The
quality factor, Q ∼ 600, was deliberately kept low to retain some, albeit weak,
visibility for the upper branch in reflectivity owing to background absorption on
the high-energy side of the exciton resonance.
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Figure 4.1: The calculated empty cavity normal incidence reflectivity and
quality factor (shown in the inset). In the calculation, we have considered
measured material parameters with the only exception the extinction coefficient
of TDAF which was assumed to be zero.
We also fabricated identical cavities with only 4 top DBR pairs. This slightly
reduces the cavity Q but greatly increases the upper branch dip visibility. These
were used to identify the upper polariton (UP) branch position for transverse
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electric (TE) polarisation. Indeed, the UP branch is more difficult to resolve for
TE polarisation in high Q organic cavities because of the background absorption
on the high energy side of the exciton resonance. To further increase the Q of
our structures, a 9-pair cavity consisting of a wedged 140-nm-thick TDAF layer
was fabricated as described above, providing detuning variations on the order
of ∼ 180 meV. The calculated empty cavity quality factor of the 9-pair cavity is
Q ∼ 10000. All of the thicknesses and refractive indices used in this work were
obtained using spectroscopic ellipsometery (JA Woollam VASE).
4.3 Linear optical properties
The studied microcavities are shown schematically in Fig. 4.2 (a). The absorption,
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Figure 4.2: (a) Schematic showing the fabricated structure, which consists
of two dielectric mirrors of alternating Ta2O5 and SiO2 pairs enclosing a single
layer of TDAF. The molecular structure of TDAF is shown between the mirrors.
(b) The PL (blue) of bare TDAF and its ASE spectrum (pink) are shown on the
left. Note the presence of vibronic replicas in the emission spectrum and that
the ASE peak coincides with the emission maximum. The ASE spectrum was
obtained by pumping a bare 120-nm-thick TDAF film with an elliptical spot
long enough to achieve significant single-pass gain for the waveguided photons.
The absorbance of a 60 nm TDAF film is shown on the right (orange). It
shows a strong inhomogeneously broadened exciton absorption band at ∼ 3.5 eV
[Reproduced from Ref. [28]].
photoluminescence (PL) and amplified spontaneous emission (ASE) of TDAF are
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shown in Fig. 4.2 (b). The absorption exhibits a strong inhomogeneously broad-
ened excitonic resonance at ∼ 3.5 eV. In all-metal microcavities, this material has
been used to demonstrate ultrastrong coupling with Rabi splittings of ~Ω ∼ 1 eV
[109]. It is highly photostable and has a quantum efficiency of 0.43.
4.3.1 Reflectivity
Angle-resolved reflectivity was performed using an ellipsometer operating in reflec-
tometry mode and a 2 mm spot size. Figure 4.3 shows transverse magnetic (TM)
angle-resolved reflectivity spectra measured for 100- and 120-nm-thick cavities.
On these spectra, both the UP and LP branches can be readily identified (dashed
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Figure 4.3: Angle-resolved reflectivity spectra measured for (a) 100- and (b)
120-nm-thick cavities. On these spectra, both the upper and lower polariton
branches can be readily identified (black dashed line). These were used for the
CHO fit. Note the weaker UP branch dip due the large oscillator impedance
mismatch and negative detuning. This dip is difficult to resolve on the contour
plot from Fig. 4.4, but its identification from the spectra increases the reliability
of the CHO fit parameters. The 100-nm cavity shown here did not exhibit lasing
due to ineffective pumping of the LP at high energy [Reproduced from Ref. [28]].
lines). These were used for the coupled harmonic oscillator (CHO) fit. Note the
weaker UP branch dip due the large oscillator impedance mismatch and negative
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detuning. This dip is difficult to resolve on the contour plot from Fig. 4.4, but its
identification from the reflectivity spectra increases the reliability of the CHO fit
parameters.
Figure 4.4 shows a contour map of the TE and TM angle-resolved reflectivity
measured for a 120-nm-thick microcavity. The dashed lines trace the fit dispersion
of the upper and lower polariton branches, and the circles show the position of
the minima identified on the individual spectra shown in Fig. 4.3. The normal
incidence LP energy is obtained from a transmission measurement. The solid
black lines show the dispersion of the uncoupled TDAF exciton (Eex = 3.50 eV)
and cavity photon obtained from fitting the measured dispersion to a CHO model
that accounts for the angle-dependence of the DBR penetration depth.
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Figure 4.4: Contour maps of the angle-resolved reflectivity for TE (a) and TM
(b) polarisation for the 120-nm-thick microcavity. The positions of individual
minima identified on the spectra are shown as yellow dots. The minima are
readily identified for TM polarisation, but the UP branch shows very weak
contrast for TE polarisation. The dashed lines are a fit of the LP and UP
minima to a CHO model; the solid lines show the uncoupled cavity photon (C)
and exciton (X) dispersion relations. The fit parameters are given in the inset
[Reproduced from Ref. [28]].
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The resulting fit parameters are shown in Fig. 4.4. A giant exciton-photon inter-
action constant, V (0) = (0.293 ± 0.006) eV, is obtained. It can be related to the
Rabi Splitting, Ω, using Ω =
√
4V (θ)2 − (γex − γc)2. Here, V (θ) is evaluated at
the angle, θ, where the exciton and photon are resonant, while γex = 240 meV
and γc = 5 meV are the exciton and photon damping, respectively. Previous stud-
ies have shown that the TDAF molecules form amorphous films with some slight
anisotropy due to a favoured alignment of the molecules with their long axis in-
plane [110]. This anisotropy modifies the TM-polarised photon dispersion only for
large angles of incidence and was ignored in our modelling.
4.3.2 Photoluminescence
To obtain the polariton population in the linear regime, angle-resolved PL at low
pump fluence from the microcavities was measured using a spectrometer fiber-
coupled to a computer-controlled goniometer. The detection half-angle of the
collection lens is ∆θ = 3.5o. The samples were excited non-resonantly at a 50o an-
gle using TM-polarised 250 fs pulses from an optical parametric amplifier pumped
by a regenerative Yb:KGW chirped pulse amplifier. This polarisation was chosen
to increase the pump absorbance resulting from the TM-transparency window of
the DBRs for large angles of incidence. The observed results, however, were inde-
pendent of the pump polarisation with the exception of the increase in absolute
pump fluence required to achieve threshold. All of the data presented in this work
used λ= 385 nm excitation.
The angle-resolved PL is shown for TM polarisation in Fig 4.5 and TE polarisation
in Fig. 4.6 for 120- and 140-nm-thick microcavities. The emission intensity can be
related to the polariton occupation at the corresponding in-plane wavevector k.
From the measured PL linewidth, the k = 0 lower polariton lifetime is estimated to
be τLP ∼ 55 fs. This suggests that the kinetics are dominated by single scattering
events from the exciton reservoir. The detunings, ∆ = Eph(0)− Eex, correspond-
ing to the measured sample locations are ∆ = −375 meV and ∆ = −440 meV,
respectively and the exciton content, |XLP |2, at the branch minimum is 0.22 and
0.20.
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Figure 4.5: TM-polarised PL, obtained at low pump fluence, for the 120-
nm-thick (a) and 140-nm-thick (c) microcavities. The detunings, ∆, obtained
from a CHO fit to the measured dispersion (dashed line) are indicated on the
figure. Note the slightly different detuning as compared with reflectivity due
to the different spot location. The uncoupled cavity photon dispersion (C)
is shown as a solid black line. Note that both exhibit a monotonic decrease
in intensity away from the LP minimum. (b),(d), The above-threshold PL,
for the same spots. The pump fluence for these two measurements was for
P = 1.2Pth and P = 1.8Pth, respectively. Note the collapse of the emission to
the LP ground state and the blueshift of the emission peak due to polariton
interactions [Reproduced from Ref. [28]].
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Figure 4.6: TE-polarised angle-resolved PL measured for the (a) 120- and (b)
140-nm-thick microcavities below threshold. A The dashed lines show the fit
obtained from the CHO model. The measured dispersion is in good agreement
with that obtained from reflectivity given the different spot locations for both
experiments [Reproduced from Ref. [28]].
In anthracene microcavities, the emission showed structure mirroring its vibronic
progression in PL. In contrast, here, the emission is found to decrease monoton-
ically away from the bottom of the branch, despite the structured nature of the
bare TDAF PL. In particular, no peak is observed at ∼ 3.05 eV where the bare PL
shows a maximum. For both thicknesses, the resulting dispersion agrees well with
that obtained from reflectivity measurements, although small differences occur due
to the exact location of the measured spot. As shown in Fig. 4.7, only the high-k
region of the branch is thermalised, which can be correlated with the thermalised
tail of the bare TDAF PL spectrum.
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Figure 4.7: Integrated intensity of LP as a function of energy relative to
Ek// = 0. Blue dashed line represents a Boltzmann distribution fitted at the
high-k region.
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4.3.3 Coupled harmonic oscillator model
The dispersion relations obtained from reflectivity were fitted using a coupled
harmonic oscillator model. The corresponding Hamiltonian is:
Hˆ =
(
Eph(θ)− iγc V (θ)
V (θ) Eex − iγex
)
(4.1)
where V(θ) is the exciton-photon interaction strength, given in eV, and γc = 5 meV
and γex = 240 meV are the exciton and photon damping. The exciton-photon in-
teraction strength depends on angle and polarisation via the DBR penetration
depth. An approximate expression describing this dependence can be obtained
from the semiclassical description of strong coupling (see Chapter 2):
V (θ) = V0
√
d
d+ LDBR(θ)
(4.2)
Expressions for LDBR(θ) are given in Ref. [48]. The cavity photon dispersion
Eph(θ) is approximated using a single effective index such that:
Eph(θ) = Eph(0)(1− sin
2 θ
n2eff
)−1/2 (4.3)
and the uncoupled exciton energy, Eex, was kept fixed at Eex = 3.50 eV. The use
of Eq. 4.2 allows for a single model to simultaneously fit dispersion measurements
for both polarisations. The resulting fit parameters are given below in Table 4.3.3:
Table 4.3.3 — Harmonic oscillator fit parameters.
Thickness Eph(0)(eV) neff(TE) neff(TM) V0(meV)
120 nm 3.19± 0.02 1.93± 0.05 2.01± 0.06 520± 10
140 nm 3.07± 0.02 2.06± 0.05 1.88± 0.04 450± 10
Note the small change in V0 and neff for both microcavities. Indeed, the simple
coupled oscillator model does not account for the asymmetric lineshape of the
exciton absorption, the change in background refractive index over the ∼ 1 eV
range swept by both branches or the weak uniaxial anisotropy.
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4.4 Above-threshold behaviour
On increasing the pump fluence, a threshold is found that is followed by a su-
perlinear increase in output intensity for TM-polarised emission, regardless of the
pump polarisation. This increase is accompanied by a blueshift of the emission
energy and a collapse, in momentum space, of the emission to the bottom of the
LP branch. These two effects are observed in Fig. 4.5, which showed the TM-
polarised angle-resolved PL measured above threshold for both detunings. We
attribute this threshold to the spontaneous formation of a linearly-polarised po-
lariton condensate. Note also, that the emission remains well separated from the
bare cavity mode. In real space, a bright spot emerges near the pump centroid
with dimensions of approximately one-quarter that of the pumped region as shown
in Fig. 4.8.
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Figure 4.8: Real-space images of the emission highlight the collapse of the
emission to a central spot near the pump centroid [Reproduced from Ref. [28]].
4.4.1 Gain measurements
The power dependence of the 6-pair 120-nm-thick microcavity is shown in Fig. 4.9.
First, we find that at a pump fluence of P = 4µJ/cm2, the PL transitions from
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a linear regime to a sub-linear regime are dominated by bimolecular annihilation.
Then, at Pth ∼ 60µJ/cm2, a superlinear increase in PL intensity is observed,
accompanied by a collapse in linewidth, indicative of an increase in temporal co-
herence. Beyond threshold, we find a power-dependent blueshift of the emission
energy, accompanied by significant linewidth broadening. In inorganic microcavi-
ties, similar broadening is observed and has been attributed to phase diffusion due
to polariton self-interaction within the condensate and to condensation within
different localized modes [8, 111]. The individual spectra, measured at normal
incidence (k= 0), are shown in Fig. 4.9 (c).
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Figure 4.9: (a) The dependence of the peak PL intensity (black squares) and
linewidth (blue circles) on the absorbed pump fluence is shown for the 6-pair
120-nm-thick microcavity. Note the transition to a sublinear regime at P =
4µJ/cm2, followed by the threshold at Pth ∼ 60µJ/cm2. (b) Experimentally
observed blueshift and calculated time-averaged blueshift (shown using a solid
blue line) resulting from the use of pulsed excitation. The clamping of the
average reservoir exciton density can be identified in the model. The LP lifetimes
are indicated in the figures. (c) The corresponding emission spectra. Note the
blueshift and superlinear increase beyond Pth [Reproduced from Ref. [28]].
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Figure 4.10 shows the power dependence obtained for an identical cavity with 9
mirror pairs (τLP ∼ 150 fs). Here, we find a threshold Pth ∼ 30µJ/cm2, concomi-
tant with the longer LP lifetime. Note that increasing the number of mirror pairs
can readily reduce the threshold. The observed nonlinearities were reproduced for
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Figure 4.10: (a) The dependence of the peak PL intensity (black squares) and
linewidth (blue circles) on the absorbed pump fluence is shown for the 9-pair 120-
nm-thick microcavity. Note the reduced lasing threshold and larger superlinear
increase beyond Pth. (b) Experimentally observed blueshift and calculated time-
averaged blueshift shown using a solid blue line. The lower polariton lifetimes
are indicated in the figures. In the pumped region, the blueshift is attributed
principally to polariton-exciton scattering and as a result, a smaller blueshift
is anticipated for the 9-pair cavity. This is indeed observed in both the mea-
surement and calculation. (c) The corresponding emission spectra [Reproduced
from Ref. [28]].
both λ= 355 nm (absorbance peak) and λ= 385 nm (absorbance tail) pump wave-
lengths, but only when using sub-ns pulses. For all samples, a blueshift is observed
despite the peak in emission and ASE of TDAF lying on red side of the LP ground
state. This contrasts with conventional laser frequency pulling where the emission
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shifts towards the gain maximum. The observed blueshift is a clear signature of
polariton-polariton and polariton-exciton interactions. To our knowledge, this is
the first time that signatures of such interactions have been observed for tightly
bound Frenkel excitons.
The 140-nm-thick microcavity exhibits a similar blueshift and power-dependence,
which is shown in Fig. 4.11 (b). We also reproduced the results using two very
different spot sizes and both yielded almost identical thresholds. Most results
shown in this work were obtained using a 233 x 323µm elliptical pump spot as
defined by the beam waist. The smaller spot used was 44 x 61µm. In that case,
the threshold corresponded to a remarkably low 880 pJ of absorbed pump energy,
shown in Fig. 4.11 (a).
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Figure 4.11: (a) Pump fluence dependence of the peak intensity and linewidth
for the 6-pair 120-nm-thick cavity when a smaller 44 x 61µm pump spot is used.
The observed behaviour is nearly identical to the large spot shown in Fig. 4.9.
The measured threshold pump fluence is slightly lower (Pth ∼ 42µJ/cm2)
and the double kink observed around 100 µJ/cm2 is ascribed to a slight
photodamage∗, as opposed to a second transition to photon lasing that some-
times is seen in inorganic semiconductor microcavities. Note that the energy
needed to reach threshold for this spot size is only 880 pJ (b) Pump fluence de-
pendence of the peak intensity and linewidth for the 6-pair 140-nm-thick cavity
[Reproduced from Ref. [28]].
* excitation spot creates a hole, which is visible under an optical microscope, on the surface
of the sample
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Figure 4.12 shows the colour-coded LP dispersion relation of all the fabricated
microcavities with identical mirror stacks. Due to the large Stokes shift of TDAF,
efficient pumping of the LP at energies above that of the vibrationally relaxed
electronic excited state is inhibited. As a result, we observe lasing only for cavities
with ∆< - 320 meV. It is worth noting the flattening out of the LP dispersion close
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Figure 4.12: (a) LP dispersion relation of all the fabricated microcavities with
identical mirror stacks. Note the flattening out of the LP dispersion away from
the exciton resonance, characteristic of polaritonic behaviour as the detuning is
made more positive [Reproduced from Ref. [28]].
to the exciton resonance, which is characteristic of polaritonic behaviour as the
detuning is made more positive.
In Fig. 4.13, the LP linewidth as a function of its peak location is shown. Our
structures display a minimum linewidth of ∼ 5 meV around 2.9 eV. This can be
associated with the DBR stopband transmission and the exciton resonance, where
broadening of the LP linewidth away from 2.9 eV is attributed to the increase of
the stopband transmission (< 2.9 eV) and distance close of the exciton resonance
(> 2.9 eV).
Nonlinear interactions in an organic polariton condensate 69
18
16
14
12
10
8
6
L
i
n
e
w
i
d
t
h
 
(
m
e
V
)
3.02.8
Peak Location (eV)
0.7
0.6
0.5
0.4
0.3
0.2
0.1
T
r
a
n
s
m
i
s
s
i
o
n
3.5
X
 DBR Trans.
Linewidth
Figure 4.13: The LP linewidth (black dots) is shown as a function of its peak
location. The blue line is the DBR stopband transmission and the red line
represents the maximum of the exciton resonance.
4.4.2 Polarisation dependence
The polarisation dependence of the above-threshold PL and its colour-coded spec-
tral position are shown in Fig. 4.14 for the 140-nm-thick cavity. Below threshold,
the emission is completely unpolarised. Above threshold, the emission is almost
completely TM-polarised, although weak residual TE emission is present that does
not exhibit a blueshift. As there is no in-plane anisotropy, the spontaneous se-
lection of TM polarisation is surprising. For large pump angles, however, the
microcavity absorbance is only significant for TM polarisation. As a result, the
applied electric field on the TDAF molecules is oriented along the TM plane of
incidence, as defined by the pump, regardless of the net pump polarisation. To
our knowledge, there have been no studies of the polarisation memory of TDAF
molecules, but our results suggest that depolarisation occurs on a scale longer than
the LP lifetime.
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Figure 4.14: Polarisation dependence of the emission peak, for P = 1.6Pth, of
the 140-nm-thick microcavity. The emission is TM-polarised, regardless of the
pump polarisation. This agrees with the predominantly TM absorption of the
structure at 50o. The plot is colour coded and shows the blueshift in emission
energy when going from TE- to TM-polarisation with respect to the plane of
incidence defined by the TM pump [Reproduced from Ref. [28]].
4.4.3 Lifetime measurements
To gain insight into the polariton and reservoir dynamics, we have measured time-
resolved emission from the LP, shown in Fig. 4.15. Time-resolved measurements
were performed using a Hamamatsu Streakscope with a jitter-limited time resolu-
tion of ∼ 28 ps. We find that in the linear regime, the LP exhibits biexponential
decay with an amplitude-weighted lifetime τex = 230 ps. This lifetime is attributed
to the exciton reservoir dynamics, which are considerably slower than τLP. On
increasing the pump fluence, a fast decay is observed at short times due to bi-
molecular annihilation, as described by Eq. (2). Above threshold, however, a
significant collapse of the emission lifetime results from stimulated scattering to
the condensate. Freshly grown TDAF films also exhibit biexponential decay, but
with a weighted lifetime τTDAF = 570 ps. To assess the effect of damage during
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Figure 4.15: The time-resolved lower polariton emission is shown as a func-
tion of increasing pump fluence. In the linear regime, the emission exhibits a
biexponential decay with a weighted lifetime τ = 230 ps. The long lifetime is due
to the slow decay of the reservoir population. On increasing the pump fluence,
a fast decay is observed at short times, resulting from bimolecular annihila-
tion within the reservoir. Above threshold, however, a much sharper collapse
of the emission lifetime (τ < 30 ps) occurs, which is attributed to the onset of
stimulated scattering to the condensate [Reproduced from Ref. [28]].
sputtering of the top mirror, we have measured the lifetime of a control half-
cavity (no bottom mirror) to be τHALF = 330 ps. The reduced lifetime observed
for the full cavity, as compared to the control, suggests enhanced scattering of
reservoir excitons to the LP.
This can occur due to the emission of optical phonons, on a scale comparable to
radiative decay [112], and through changes in the radiative decay rate due to the
modified density of states [104]. Previous reports have observed a weighted lifetime
of only 133 ps for bare TDAF films [113]. Here, such short lifetimes have been
observed only in the presence of quenching or stimulated emission. In addition,
the absence of a quadratic power dependence below threshold suggests that pair
scattering is not a dominant scattering mechanism in these microcavities.
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4.4.4 Blueshift model
In the mean-field approximation, a generalised Gross-Pitaevskii equation (GPE)
can be derived for the condensate wavefunction Ψ0(r, t) [23][114]:
i~
∂Ψ0(r, t)
∂t
=
(
− ~
2∇2
2mLP
+
i
2
[W (nR)− γLP ] + g|Ψ0(r, t)|2 + g˜nR
)
Ψ0(r, t) (4.4)
where mLP is the LP effective mass, γLP is its decay rate and g is the k = 0 value of
the effective polariton-polariton interaction potential. Under non-resonant pump-
ing, the condensate interacts with a reservoir of high-energy excitations created by
the pump field. In the case of organic microcavities, these resemble bare molec-
ular excitons [54, 115]. They scatter into the condensate with rate W (nR) and
contribute a polariton-exciton interaction constant g˜. A rate equation describes
the reservoir occupation, nR(t):
dnR(t)
dt
= P (t)− nR(t)
τR
− kbn2R(t)−W (nR)|Ψ0|2 (4.5)
where P (t) is the pump rate, τR is the reservoir exciton lifetime and kb is the
bimolecular annihilation rate.
In steady state, the GPE predicts a linear blueshift of the condensate energy
U(n) = gn+ g˜nR, where n is the LP density [13, 101]. It is expected that within
the pumped region, the polariton-exciton interaction principally determines the
blueshift [13, 116].
To model the blueshift and estimate the polariton interaction coefficients, we use
a macroscopic model that includes only the nonlinearity due to exciton saturation
[33]. We have measured the polariton occupation at threshold to be 〈nLP 〉 ∼ 7
per state and the occupation above threshold is simply this number scaled by the
observed intensity dependence (Fig. 4.9, Fig. 4.10 and Fig. 4.11). The reservoir
surface density in the pumped region, however, is on the order of 1014 cm−2. It
is thus expected that, similarly to inorganic microcavities, the polariton-exciton
interaction is dominant in the pumped region. Ground-state saturation leads to a
modified exciton-photon interaction constant:
V (nR) = V0
√
(1− nR/N0)d
(LDBR + d)
(4.6)
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where N0∼ 7 x 1020 cm−3 is the TDAF molecular density, LDBR is the mirror pen-
etration depth, d is the active layer thickness and V0 is the exciton-photon in-
teraction strength for d >> LDBR. The polariton-exciton interaction constant is
then:
g˜ =
∂ELP
∂nR
∣∣∣∣
n0
=
V 20
N0[EUP (n0)− ELP (n0)]
d
LDBR + d
(4.7)
where EUP (n0) and ELP (n0) are the UP and LP energies evaluated at the reservoir
density linearization point n0. Putting in typical numbers for our microcavity gives
g˜∼ 2 x 10−22 eV cm3 for small n0 and Hartree-Fock theory predicts g = g˜/2d|XLP |2
[114]. One can show that this value translates to an effective nonlinearity several
orders of magnitude lower than that of Wannier-Mott excitons [117]. Figure 4.9 (b)
compares a calculation of the time-averaged blueshift anticipated for the 6-pair
120-nm-thick microcavity under pulsed excitation.
There is good qualitative agreement with experiment given the absence of any fit
parameters, the simplified description of bimolecular annihilation and the assump-
tion of a spatially uniform pump. The Gaussian pump profile, for example, leads
to a factor of ∼ 2 difference between the on- and off-axis irradiance. Note also the
anticipated saturation due to clamping of the reservoir density above threshold.
The absence of a measurable blueshift in anthracene microcavities is most likely
due to its high molecular density and efficient bimolecular annihilation, which
inhibit the build-up of a significant reservoir exciton population.
The macroscopic picture highlights that strong coupling resonantly enhances the
nonlinearity arising from ground state depletion. It also shows that a stronger
blueshift is anticipated for cavities operating close to saturation. The 9-pair cav-
ity of Fig. 4.10, for example, exhibits a reduced blueshift of ∼ 4 meV, in agreement
with its lower threshold. This, however, becomes advantageous when compared
to the reduced lasing linewidth of only ∼ 1 meV. In Fig. 4.10(b), the experimen-
tal blueshift is compared to the macroscopic model. The observed blueshift also
provides a quantitative measure of the ground state depletion. At the highest
intensities, sufficient depletion can lead to a dynamic transition to weak coupling.
In these structures, however, the coupling strength is so large that a violation of
the strong coupling criterion would require three-quarters of the molecules to be
excited. The corresponding pump fluence is far beyond the damage threshold of
our samples.
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4.4.4.1 Ground state occupation
To estimate the polariton occupation per state, we have directly measured the
ground state occupation of the 120-nm-thick cavity near threshold with a high
sensitivity Joulemeter. To maximize the emitted power, a slightly larger pump
spot of area A= 1.87 x 10−3 cm−2 was used and the detector half angle was ∆θ =
3.2o. At 1.47Pth, the emitted energy, for TM polarisation, measured from one side
of the sample was 0.14 pJ/pulse. From the measured power dependence and with
both emission directions included, this corresponds to 0.038 pJ/pulse at Pth. The
total number of states within the detection cone can be estimated using:
M =
A
4pi2
pi(k0∆θ)
2 (4.8)
where k0 = 2pi/λ. This gives M ∼ 10, 670 and we find that at threshold the LP
occupation is approximately 〈n〉 ∼ 7/state. Note that the intensity distribution
over the Gaussian pump spot and the choice of beam waist to define the area
induces a factor of ∼ 2 uncertainty in this estimate. Threshold, as defined by the
GPE in Eq. 4.4, corresponds to the point where W (nr) = γLP .
4.4.4.2 Modelling of the power dependence and blueshift
To model the blueshift, the bimolecular annihilation rate, kb, and reservoir to lower
polariton scattering rate, W , are first extracted by fitting the measured power
dependence to a two-level model, analogous to conventional laser rate equations,
for the volume density of reservoir excitons and nLP , the surface density of ground-
state polaritons [104].
dnR(t)
dt
= (1− nR
N0
)P (t)− nR(t)
τR
− kbn2R(t)−
W
d
nRnLP (4.9)
dnLP
dt
= WnRnLP + ∂f
nR
τR
− nLP
τLP
(4.10)
Owing to their low density, bimolecular quenching of polaritons is ignored and
a constant f , analogous to the spontaneous emission factor, is included to rep-
resent the fraction of spontaneous scattering from the reservoir to the lower po-
lariton. A Gaussian pump term, P (t), of 250 fs full-width at half-maximum is
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used and saturation is included within the two-level approximation. Experimen-
tal values τLP = 55 fs, τR = 300 ps, N0 = 7 x 10
20 cm−3, are used. From the fit we
obtain W = 2 x 10−7 cm3 s−1, kb = 4 x 1010 cm3 s−1. We use f = 0.2, but note that
the high-fluence region in the measured power dependence is limited by satura-
tion in contrast to results obtained for the 9-pair microcavities. This value does
not affect the modelled blueshift, which depends only on the average reservoir
population. Parameters extracted from the τLP = 150 fs power dependence are
W = 1.3 x 10−7 cm3 s−1 and the more realistic f = 5 x 10−3.
To model the time-averaged blueshift, we calculate the intensity-averaged reservoir
population, navg:
navg =
∫
nR(t)nLP (t)dt∫
nLP (t)dt
(4.11)
and then use Eq. 4.6 to calculate the resulting blueshift.
4.5 Conclusion
In conclusion we have observed the formation of a linearly polarised organic po-
lariton condensate, in ambient conditions, in a simple microcavity consisting of a
thin film of thermally evaporated TDAF. The ambipolar electrical characteristics
of this organic semiconductor make it an attractive candidate for direct electri-
cal injection [12]. Moreover, the underlying mechanism for lasing is observed to
be qualitatively different from that of anthracene polariton lasers. In particular,
we observe lasing for two widely different detunings, separated by ∼ 65 meV. The
observed power-dependent blueshift is a clear signature of polariton interactions
and, to our knowledge, the first time that such interactions have been observed
for Frenkel excitons. We have provided a simple model to describe the blueshift
as resulting from exciton saturation.
The fabricated microcavities continue to exhibit lasing behaviour, with only small
changes in threshold, several months after fabrication. Above 100µJ/cm2, the mi-
crocavities exhibit photodegradation on the scale of minutes and this photodegra-
dation can be accompanied by a slow blueshift of the LP energy. During our mea-
surements, the microcavities were exposed to high energy pulses for less than one
second per data point. The absence of significant photodegradation was confirmed
by verifying the absence of hysteresis in the LP energy and emission intensity.
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We anticipate that this study will motivate experimental efforts to directly ob-
serve hydrodynamic effects in organic polariton fluids and stimulate theoretical
efforts to further understand the detailed mechanism for interaction. The latter
is paramount for further reducing the lasing threshold to a value achievable via
direct electrical injection.
Chapter 5
Organic polariton condensate:
Spatial and temporal coherence
at room temperature
5.1 Introduction
As discussed in Chapter 2, cavity polaritons obey Bose statistics in the low den-
sity limit, similarly to their fundamental constituents. Polaritons inherit an ef-
fective mass as low as 10−10 that of a Rb87 atom from their photonic component.
Meanwhile, they collide with other polaritons and excitons due to an effective
interaction stemming from their matter component. In inorganic microcavities,
these features have been exploited to demonstrate rich phenomenology associated
with Bose-Einstein condensation (BEC). The most well-known of these effects is
the macroscopic occupation of the ground state below a critical temperature Tc.
Perhaps a more important consequence of the phase transition however, is the
sudden appearance of off-diagonal long range order (ODLRO) in coordinate space
[118, 119]. Indeed, for classical particles, off-diagonal terms of the density ma-
trix are identically zero. In a BEC, ODLRO manifests itself most clearly in the
non-vanishing long-range behaviour of the first-order spatial coherence.
In this chapter, we study the onset of long-range spatial coherence in organic
polariton condensates possessing dimensions exceeding tens of micrometers (orders
of magnitude greater than the de Broglie wavelength). Using interferograms, we
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report the emergence of long-range spatial coherence beyond the phase transition.
Our results, compared with a recent demonstration of polariton laser consisting
of a spin-coated polymer [29], suggests that different physics might be occurring.
Parallel fringes were observed over the entire condensate area for our oligomer,
while a speckle-like pattern was observed for the polymer. Here, we quantify the
degree of spatial coherence of a non-equilibrium organic polariton condensate for
the first time, using the same 9-pair distributed Bragg reflector (DBR) microcavity
from our recent experiments [28]. Moreover, we show the crucial role played by
the pump shape in the formation of stable condensates and in determining the
degree of spatial coherence.
5.2 Experimental technique and sample
The sample used in this chapter consists of a 130-nm-thick thermally evaporated
2,7-bis[9,9-di(4-methylphenyl)-fluoren-2-yl]-9,9-di(4-methylphenyl)fluorene (TDAF)
film sandwiched between a symmetric 9-pair tantalum pentoxide (Ta2O5) and sil-
icon dioxide (SiO2) DBR mirrors. Again, this sample was fabricated as described
in Chapter 4. The sample was excited at 385 nm non-resonantly at a 50o angle
using transverse magnetic- (TM) polarised 250 fs pulses from an optical paramet-
ric amplifier pumped by a regenerative Yb:KGW chirped pulse amplifier. This
excitation setup was chosen to increase the pump absorbance resulting from the
TM-transparency window of the DBRs for large angles of incidence, shown in the
inset of Fig. 5.1. We use a refractive beam shaper to control the pump beam
profile.
5.2.1 Interferometry setup
The spontaneous appearance of ODLRO order is one of the defining features of
condensate formation [8, 120]. In the linear regime, polaritons are expected to
have a characteristic coherence length of the order of the thermal de Broglie wave-
length λdB = 760 nm. Above threshold, for a homogeneous system, the condensate
acquires a constant phase that is spontaneously chosen for each instance of the ex-
periment [13]. The physical manifestation of this long-range order is through the
first-order spatial coherence g(1)(r,r’), which is a measure of the phase coherence
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between points at r and r’. Inhomogeneous pumping causes a spread in momen-
tum space and more complex phase patterns to emerge [121] . Subsequently, real
space interferometry was realised in the experiments presented in this chapter.
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Figure 5.1: Michelson interferometer in the mirror retroreflector configura-
tion; The red beam goes through the mirror arm (DM) and the purple goes
through the retroreflector arm (RM). A lateral displacement d of the retrore-
flector will induce an angle between the beam coming from the DM and the
beam coming from the RM. This angle is acting as an effective wavevector k
which induces fringes. BM is referred to beamsplitter. The inset shows the
reflectivity of our structure at 500; the sample was excited at 385 nm through
the TM-transparency window of the top DBR at 500 (excitation is shown by a
light-purple arrow).
To probe the emergence of spatial coherence, we have imaged the condensate in a
Michelson interferometer. The condensate emission was collected with a NA = 0.42
objective and directed to a non-polarising beam splitter. One output arm of the
beam splitter consisted of a mirror attached to a computer controlled piezoelectric
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stage with feedback and theoretical resolution of 10 nm, and the other consisted of
a retroreflector used to invert the image along both the vertical and horizontal axes
[8]. After returning through the beam splitter, the two nearly collimated beams
were focused onto a CCD (charge-coupled device) using a f = 200 mm lens, thus
providing a ∼ 47x magnification. A neutral density filter was placed in one arm
to equilibrate the intensities and a 400 nm long-pass filter was used to eliminate
any residual pump light. The corresponding interferometry setup is depicted in
Fig. 5.1. For the accurate threshold estimation of the different spots on the sample,
the photoluminescence (PL) of the condensate was collected, in conjunction with
the interferometric system, through a 600µm fiber coupled to a CCD spectrometer.
The use of retroreflector has multiple advantages. It allows direct measurement
of cross-correlations between points at r and r’ over the whole excitation area in
a single experiment. By laterally displacing the retroreflector with respect to its
optical axis, a good control of the interference fringe spacing and orientation can
be achieved. Considering that the distance between the CCD and the lens (L) is
f (focal length of the lens), a displacement d of the retroreflector will induce an
angle between the two interfering beams given by tan(θ) = d/f . This actually
makes one of the two interfering waves to be oblique with an effective wavevector
kx,y = k sin(θ) ≈ kd/f which is valid for the paraxial approximation (sin(θ) ≈
tan(θ)) and with k = 2pi/λ.
More specifically, if the initial complex field is 2A(r) exp(iϕ(r)), then the two inter-
fering waves coming from the mirror and the retroreflector arm will be ADM(r) =
A(r) exp[i[ϕ(r) + φ]] and ARM(r) = A(-r) exp[i[ϕ(-r) + kr]]. The phase constant
φ is the phase delay induced by any slight z -axis displacement of the mirror (DM)
and kr = kxx + kyy with kx = kdx/f and ky = kdy/f is related to the generic
displacement, d, of the retroreflector (RM). Thus, the intensity of the interference
pattern will be:
I(r,-r) = |ARM(r)|2 + |ADM(r)|2 + 2A(r)A(-r) cos[kr + φ+ ϕeff (r)] (5.1)
The last term, 2A(r)A(-r) cos[kr + φ + ϕeff (r)], is the one responsible for the
interference fringe spacing, orientation and initial phase, while ϕeff (r) = ϕ(r) −
ϕ(-r) arises from the initial complex field. However, if the emission of a condensate
is not entirely coherent, the observed interference contrast decreases.
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For a partially coherent condensate the interference pattern at the output of the
interferometer is given by:
C(r)) = |ARM(r)|2 + |ADM(r)|2 + 2A(r)A(-r) cos[kr +φ+φeff (r)]g(1)(r,-r) (5.2)
Essentially, if the images are aligned, the first order spatial correlation function
between centrosymmetric points g(1)(r,−r) is obtained by measuring the visibility,
C(r), of the interferogram fringes:
C(r) =
Imax − Imin
Imax + Imin
=
2
√
I(r)I(−r)
I(r) + I(−r) g
(1)(r,−r) (5.3)
where I is the light intensity and Imax and Imin are respectively the maximum and
minimum intensities measured, when the phase delay is varied.
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Figure 5.2: Phase scanning of the interferometer. To extract the g(1)(r,-r)
values, a cosine function is fitted to C(r, φ). On the left, four C(r, φ) intensity
patterns are plotted for different phase values; red → 0.8, white → 0 and blue
→ -0.8. On the right panel is shown the fit (blue solid line) of the C(0, φ) values
(red markers) for all the acquired phase delays, φ. This is subsequently done
for each pixel in real space and a full two dimensional map of the amplitude of
the fitted function yields the contour map of g(1)(r,-r), shown in Fig. 5.3(b).
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Equation 5.4 can be rewritten in a form including the available observables:
C(r) = g(1)(r) cos[kr + ϕeff (r) + φ]
=
E(r)− ERM(r)− EDM(r)
2
√
ERM(r)− EDM(r)
(5.4)
where E(r) is the observed interference pattern profile, EDM(r) is the intensity
profile coming from the mirror arm and ERM(r) is the intensity profile coming from
the retroreflector arm. By moving the mirror attached on the piezoelectric stage,
scanning of the interferometer phase φ is achieved. To evaluate the g(1)(r,-r), we
fit a cosine wave on the intensity profile C(r) for each individual pixel, as shown
in Fig. 5.2. The fringe contrast is, thus, a measure of the phase coherence between
points r and -r, with respect to the spot centre.
Figure 5.3 shows a typical interference pattern and phase map recorded above the
condensation threshold. Both scale bars correspond to 5µm. The two dimensional
phase map is extracted from Fig. 5.3(a) by applying the Eq. 5.4. Here, the fringe
spacing corresponds to the angle offset between the two interferometer arms.
(b)(a)
2π 
0 
Figure 5.3: Typical interference pattern and phase map recorded above the
condensation threshold. A higher fringe visibility is observed at the center of
the spot due to the Gaussian pump profile. The size of the pump was kept at
around 10x12µm in full width at half maximum, the smallest possible, due to
the surface roughness of the sample. Both scale bars correspond to 5µm.
5.3 Shot-to-shot fluctuations
Figure 5.4 shows the images recorded below threshold and for three powers above
threshold. Below threshold, only a small autocorrelation fringe can be resolved.
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At threshold, interference fringes begin to emerge from the centre of the image,
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Figure 5.4: Interferograms recorded in a Michelson interferometer in the
retroreflector configuration for increasing pump fluence. The fringes observed
at each point r are indicative of the spatial coherence between it and its centro-
symmetric counterpart r. A small autocorrelation fringe can be resolved below
threshold. As threshold is reached, the emission spot collapses and fringes
emerge from the pump centre. Beyond approximately 1.3Pth, fringes are ob-
served over the entire condensate area indicative of macroscopic phase coherence
throughout the condensate [Reproduced from Ref. [28]].
due to the Gaussian pump profile. The emission then corresponds to a central
condensed region and sub-threshold photoluminescence. As the pump fluence
increases to P > 1.3Pth, fringes are readily identified over the entire condensate
area, a clear manifestation of long-range order. The magnitude of g(1)(r,r’) can be
measured through the fringe visibility as a function of phase delay. The shot-to-
shot fluctuations smear out the interference pattern as the phase delay is varied
but we obtain a fringe visibility of ∼ 70% within 3µm of the centre point.
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5.4 Coherence properties
Although a number of other criteria exist, the spontaneous onset of long-range
spatial coherence is often used as a fingerprint for polariton condensation. This
metric was first measured for a CdTe microcavity in the seminal work of Kasprzak
et al. [8] using a Michelson interferometer with one arm replaced by a retroreflec-
tor. Kasprzak et al. observed an increase in g(1)(r, r′) from 0 to 30% for pairs
of points separated by 12µm. Soon after, the spatial coherence of a GaAs mi-
crocavity was measured using a Young’s double slit experiment and also found
to reach 30% at distances of 8 µm [120]. The most dramatic experiment was
performed in nanowires where g(1)(r, r′) was found to exceed 50% over distances
50 times the de Broglie wavelength [122]. Theoretical predictions regarding the
asymptotic behaviour of g(1)(r, r′) have shown that it can also shed light on the
nature of the phase transition [123]. A power-law decay has been predicted for
a transition according to the Berezinskii-Kosterlitz-Thouless (BKT) mechanism
and recent experiments with a low noise floor have confirmed this behaviour [124].
Interferometric techniques have also been used to identify excitations such as vor-
tices and vortex-antivortex pairs and to probe quantum fluidic effects in polaritonic
systems [19, 22, 125].
Figures 5.5(a – d) show real space images of the condensate luminescence obtained
below (a) and above threshold (b – d) using an elliptical pump with a Gaussian
profile. As was shown previously, Gaussian pumping leads to a spatial collapse
of the emission to the central region where the pump intensity is strongest. For
small spots such as that shown here, the collapse is more modest, correspond-
ing to a ∼ 50% reduction in full width at half maximum and nearly the entire
pumped region exhibits laser-like behaviour. The intensity pattern also shows
non-uniformities similar to those observed for localized condensates in disordered
II-VI cavities [8, 126, 127]. These are indeed related to sample non-uniformity
and vary with position on the sample as shown in Fig. 5.5(c) and Fig. 5.5(d) which
correspond to different locations. Figure 5.3(a) shows the interferogram resulting
from Fig. 5.5(b). Despite the non-uniform intensity pattern, clear parallel fringes
indicate a flat phase over the entire condensate area.
Figure 5.6 shows the magnitude of g(1)(y,−y) for increasing pump powers. Near
the center, g(1)(y,−y) reaches a maximum of ∼ 0.9 and decreases away from the
center. As the pump fluence is increased, the visibility contrast decreases strongly
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Figure 5.5: (a – d) Real space images of the condensate luminescence obtained
below (a) and above threshold (b – d) using an slightly elliptical pump with
a Gaussian profile; (a) and (b) were recorded from the same location on the
sample, whereas (c) and (d) correspond to different locations. The scale bars
correspond to 5µm.
along the horizontal direction. This is an artefact due to the combination of
impulsive pumping and large incidence angle. At the excitation angle of 50◦, a
temporal offset of 0.5 ps is introduced for a 20µm horizontal separation. As we
will see, this value is comparable to the condensate temporal coherence. The
vertical cuts through the profile shown in Fig. 5.6(d – f), however, can be used
to accurately characterize the evolution of g(1)(y,−y). We find that at low pump
powers, g(1)(y,−y) reproduces the Gaussian pump profile from Fig. 5.6(b) almost
perfectly. A high degree of spatial coherence is thus observed beyond regions
corresponding to strong condensate luminescence (e.g. Fig. 5.5(b)). A coherence
length of d = 6.9± 0.2µm can be extracted, but this value clearly appears limited
by the pump shape. As the pump power is increased, non-uniformities emerge
in real space and these can be seen in the interferogram line profiles. The value
of g(1)(y,−y) remains high through the entire pumped area, but exhibits a small
decrease as the pump power is further increased.
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Figure 5.6: (a – c) Contour maps of g(1)(y,−y) for increasing pump fluence;
the maximum value of the color bar corresponds to the maximum observed
value of g(1)(y,−y). The corresponding pump fluence is indicated on the figure.
(d – f) Vertical cuts through the (a – c) colour maps, indicated with black
dashed lines show explicitely show the spatial behaviour of g(1)(y,−y). These
are integrated over 8 horizontal pixels. The blue dots and Gaussian fit in (d)
show the close agreement between the measured first order coherence and that
of the pump intensity measured at the same position; scale bars, 5µm.
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This power dependence is explicitly shown in Fig. 5.7, which was averaged over 4
sets of measurements on different sample locations and binned in steps of P/Pth =
0.2. Error bars indicate the standard deviation in the measured values. Both the
decrease in g(1)(y,−y) away from the center and its slow decrease with increasing
pump power can be observed. This decrease coincides with the momentum-space
and linewidth broadening observed with increasing fluence under pulsed excita-
tion. In this experiment, the exciton reservoir is populated impulsively and the
condensate exists only for a short period of time where scattering of reservoir ex-
citons to k = 0 polaritons can overcome the leakage of polaritons via the cavity
mirrors. The net scattering rate from the reservoir increases with the final state
polariton population and this leads to an increasingly fast depletion of the exciton
population provided by the pump.
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Figure 5.7: The spatial coherence at various locations away from the conden-
sate center x, y = 0µm shown for increasing pump fluence. Here measurements
on 4 different sample locations were averaged and binned in steps of P/Pth = 0.2.
Note the decrease in g(1)(y,−y) away from the center and its slow decrease with
increasing pump power. The error bars indicate the standard deviation between
sample locations.
The same interferometry setup was used to measure the first order temporal coher-
ence of the polariton condensate. Here, the decrease in fringe contrast is measured
over long time delays at the position 2y = 3µm. The the temporal coherence,
shown in Fig. 5.8, exhibits a Gaussian profile with a coherence time τc = 0.8 ps.
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This agrees well with our estimates for the survival time of the condensate. In-
deed, if we assume a homogeneous linewidth for the condensate, we find a lower
bound on the condensate decay time of ∼ 0.5 ps.
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
g
(
1
)
(
 
ô
 
)
-1.0 0.0 1.0
Time delay (ps)
 ô
Gauss
= 0.81 ± 0.02 ps
 Exp
Figure 5.8: The first order temporal coherence, g(1)(τ) of the condensate for
P = 1.7Pth. g
(1)(τ) was extracted at the position 2y = 3µm. The measured
values of g(1)(τ) are shown as solid black circles and the error bars indicate the
standard deviation for each point. The temporal coherence of the condensate, τc,
obtained from Gaussian lineshape fit (red dashed line) to the measured g(1)(τ)
is indicated on the figure as τgauss.
To emphasize the critical role played by the pump shape, Fig. 5.9 shows the be-
low threshold intensity and interference patterns recorded for two different pump
profiles. In Fig. 5.9(a), the intensity profile is nearly flat over the pumped region,
albeit with some small fluctuations. The small fluctuations dominate both the in-
tensity profile above threshold and the interference pattern. The ring-like pattern
mirrors the weak intensity maxima in the pump. The fringe pattern, however, is
highly distorted owing to a large number of dislocations, phase gradients and in-
coherent regions. Similar behaviour is observed in Fig. 5.9(c) where the Gaussian
spot is slightly distorted. In this case, condensation occurs away from the center
and a speckle-like pattern interferogram is observed. Such patterns closely resem-
ble the kind observed in Ref. [29] where a multimode fiber was imaged to achieve
a flat-top pump profile. Two recent publications have highlighted the presence of
modulational instabilities under the case of homogeneous (flat-top) non-resonant
pumping [128, 129].
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Figure 5.9: Non-Gaussian pump profiles below and above threshold for (a)
nearly flat and (b) slightly distorted Gaussian pumps. (c and d) interference pat-
terns recorder for two different pump powers from (a and b), respectively. Note
that in both pump profiles, speckle-like interferogram patterns are observed.
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Perturbations of the condensate with k = 0 are always stable, but there exists a
range of momenta where perturbations will grow exponentially unless the stability
condition [128]:
P0
Pth
>
gRγC
gCγR
(5.5)
is satisfied. Here, γR and γC are the reservoir exciton and polariton decay rates,
while gR and gC are the reservoir-polariton and polariton-polariton interactions
coefficients in the mean-field approximation. In our system, as with most organic
microcavities, gR/gC ∼ 1, while γC/γR > 100. At reasonable powers, the stability
condition can thus never be satisfied under homogeneous pumping. In the large
majority of cases, however, our experiments with Gaussian pumping have shown a
homogeneous phase over macroscopic distances. Indeed, it has been shown in the
one-dimensional case that inhomogeneous pumping, such as via a Gaussian profile
can serve to significantly enhance the condensate stability.
5.5 Conclusion
In conclusion, we have observed ODLRO of an organic polariton condensate, in real
space, for various spot shapes and sizes. The importance of the pump shape in the
formation of stable condensates and in determining the degree of spatial coherence
has been highlighted. In particular, we observe stable condensates for Gaussian
pump profiles and speckle-like pattern interferograms for flat top pump profiles
which are similar to those reported in Ref. [29]. For the stable condensate, we found
a power and spatial dependence of g(1)(r,r’), a high degree of spatial coherence
with d ≈ 7µm and an inhomogeneous temporal coherence with τc = 0.8 ps.
Chapter 6
Conclusions and future outlook
Polariton lasers still need to find their niche; strong coupling is fragile and can be
inhibited at high pump powers, which entails difficulties of realising polariton lasers
for high-power applications. However, as suggested by many authors [7, 130, 131],
polariton lasers can be used as optical switches, owing to their controllability
and fast response to electric and magnetic field, or compact terahertz radiation
sources [132]. Thus, we expect that future research will focus on the path to
developing an on-chip room-temperature polariton laser operating over a wide
range of frequencies.
6.1 GaN microcavity
In this thesis, the experimental realisation of polariton lasing at room temperature
in GaN- and organic-based microcavities was presented. The GaN microcavities
were fabricated by a state-of-the-art technique in which a GaN membrane was
introduced into an all-dielectric microcavity by utilising photo-electro-chemical
etching of an InGaN sacrificial layer. Unlike other fabrication techniques, the use
of DBRs on both sides of the cavity allows for the coexistence of both polariton
branches within the stopband range, which is usually a non-trivial requirement in
strongly coupled systems with large Rabi splitting. Moreover, the ease of fabrica-
tion of these devices allows incorporation of quantum well and electrical contacts
into the active region.
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The recent demonstration of an electrically-driven room-temperature polariton
laser paves the way for polaritons to become the first practical bosonic laser [7].
However the fabrication of these samples, shown in Ref. [7], depends on expensive
and sophisticated equipment, which is in stark contrast to our fabrication method
and to industry criteria.
6.2 Organic microcavity
The fabrication of organic-based microcavities is easier than that of the GaN sam-
ples, making organics an attractive candidate for practical applications. However,
a rigorous theoretical understanding of the dynamics and nonlinear properties of
organic polaritons is still needed. To gain a detailed insight into the polariton and
reservoir dynamics, the low temperature dynamics have yet to be explored. At
low temperature, non-radiative relaxation may change and new physics is likely to
emerge due to the increased coherence of the reservoir excitons. The consequences
of all these effects on the polariton lasing threshold in organics are difficult to
predict.
Since the organic polariton lasing holds the sceptres of the most innovative po-
lariton lasing device, here we propose future research directions by employing or-
ganic semiconductor microcavities operating in the strong exciton-photon coupling
regime:
a) The realisation of an electrically pumped organic polariton laser would repre-
sent a significant technological and scientific achievement. Numerous theoretical
studies have addressed the physics of electrically pumped organic lasers [133, 134].
To date, however, there has not been an experimental demonstration of such a
structure, suggesting that many difficulties need to be addressed. With electrical
injection, additional decay pathways for polaritons and reservoir exciton may ap-
pear. For instance, exciton-polaron scattering could provide additional and more
efficient relaxation of polaritons at the bottom of the lower branch. However, elec-
trical injection has several important drawbacks namely the singlet-polaron and
triplet-polaron annihilation and the reduction of the cavity quality factor, with
subsequent reduction of the polariton lifetime, due to the strong absorption of po-
larons at high current densities. Consequently, it is necessary to realise polariton
lasing in organics at much lower thresholds than that demonstrated in Chapter 4.
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b) Another interesting direction would be the demonstration of organic polariton
lasing at telecommunication wavelengths.
c) Moreover, parametric amplification in an organic semiconductor microcavity
has yet to be demonstrated. The criteria for parametric amplification are namely
a high quality factor cavity and strong exciton-exciton interaction at the pump,
probe and idler wavelengths. The former can be readily addressed by using more
pairs of high quality DBRs, as shown in Chapter 4, whilst the latter can be re-
alised by using nonlinear organic materials. TDAF microcavities are suggested
as suitable candidates for parametric amplification, which is one of our future
experiments.
Appendix A
Photoluminescence setup
The setup that we used to measure the angular dependence photoluminescence
(PL) of both GaN- and organic-based microcavities is shown in Fig. A.1. The
setup consists of a computer controlled dual-rotating stage that its top stage (SRS)
rotates the sample and its bottom stage (FRS) rotates an arm on which the optics
for the PL collection are mounted. The excitation of the sample can be tuned
from 150 upto 750 of incidence angle. A f = 50 mm lens (L1) is used to focus the
collimated laser beam onto the sample. To collect the PL we use a f = 200 mm
lens (L2) and therefore the detection half-angle is ∆θ= 3,50. The collected PL is
then focused by a third f = 35 mm lens (L3) onto a UV grade 400µm fiber coupled
to a CCD spectrometer.
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Figure A.1: Scematic of the angle resolved PL setup.
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